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ABSTRACT

This is the fourteenth semiannual report on the current experimental,
theoretical, and evaluative program, at the National Bureau of Standards,
on the thermodynamic properties of selected light-element and some related
compounds of primary interest in high-temperature research. The content
of the report falls logically into the following three categories.

Summary of Past Accomplishments in this Program . Accomplishments
since the program began in 1958 are summarized in some detail for each of
the approximately twelve lines of activity, and research plans for the
immediate future are indicated (Part A). The 135 actual and projected
publications in the subject area by the staff in that period of time are
listed (Appendix III).

Reporting of New Experimental Results . Although some thermochemical
ambiguities remain to be resolved, the heat of formation of solid BeF2
has been determined by two independent methods (rotating-solution and
fluorine-combustion calorimetry)} the techniques and results are described
in extensive detail (Chapters B9 and BIO) . In arc-image research on the
rates of evaporation of liquid At2C>3, refined attention to ambient gas
pressures and the reliability of temperature measurement has led to
calculated equilibrium constants and the heat of evaporation to atoms
(Chapter B8). An intensive matrix-spectroscopic investigation of
metal-difluoride molecules has provided preliminary new values for the
molecular constants of MgF2 (Chapter B5). Time-resolved electrical
measurements in high-current electrical discharges are described, with
application to exploding-wire samples and the use of calorimetric
calibration (Chapter B6)

.

Literature Reviews and Bibliographies . Included are a comprehensive
bibliography (1600 references) and index (with properties identified),
covering the 13 months preceding 1965 > of published and abstracted papers
on thermochemistry and chemical thermodynamics of all the chemical
elements and their compounds (Appendix IV), The existing thermodynamic-
data status for light-element compounds of several important "heavy"
elements has been surveyed and partially assessed: standard entropies
and heats and free energies of formation at room temperature (6 heavy
elements} Chapter B3) } and high-temperature enthalpies and vaporization
equilibria (12 heavy elements} Chapters Bl, B2, and B4) * A critical
analysis of the available heat-capacity and enthalpy data for 17 various
substances has led to new tables of their condensed-state thermodynamic
functions (Chapter B7 and Appendix II) . Detailed formula-property and
property-formula indices of the 13 reports preceding this one are given
also (Appendix I)

.

Thomas B. Douglas
Project Leader

ii
Charles ¥. Beckett
Assistant Division Chief for Thermodynamics
Heat Division, IBS

i
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PART A, SUMMARY OF RESEARCH ACCOMPLISHMENTS SINCE 1958 ,

AND FUTURE PLANS

Beginning over ten years ago the National Bureau of Standards
has engaged in experimental and theoretical research on the thermo-

dynamic properties of boron compounds, as' well as issuing definitive
thermochemical tables (NBS Circular 500) and numerous tables of

ideal-gas thermodynamic properties of the more common gases. The

present NBS research program on propulsion thermodynamics has been
in continuous existence since September 1958, being under the

sponsorship of first the Advanced Research Projects Agency and later
the Air Force Office of Scientific Research,

The objective of the present NBS research program has been to

supply new or better values for the thermodynamic properties of all
substances which are important as products of combustion in chemical
propulsion, at temperatures and pressures up to the order of 6000°K
and 100 atm,, respectively. The principal area of chemical composi-
tion has comprised 2-element and 3-element compounds and species of
Be, Al, Li, B, Ti, Zr, F, 0, H, C-t, N, and C, These materials include
combustion products, certain important fuels and oxidizers, and other
substances important in high-temperature research. Emphasis is placed
on the accurate determination of these properties, their thermodynamic
consistency, and their concise presentation as tables and equations
adapted to needs in both pure and applied research. The principal
activity has been experimental: developing new apparatus, and measur-
ing thermodynamic properties (heats of formation by calorimetry;
heat capacities; equilibria involving gases; fast-measurement
techniques at very high temperatures; infrared, microwave, matrix,
and mass spectrometry; chemical synthesis; phase-diagram analysis;
etc.). Also included has been the experimental investigation of a

few highly important fuel and oxidizer materials. Some kinetic work
has been carried out on decomposition and phase transformation.
Simultaneous with the experimental activities are constant surveys of
the subject-area literature, the critical evaluation of the available
thermodynamic properties, and the issuance of computer-programmed
tables of thermodynamic properties from 0 to 6000°K or higher tempera-
tures where needed in propulsion research.

To achieve the objective of the program, there is being effected
a broad synthesis of experimental and theoretical methods needed to
complement one another and to check the accuracy of alternative
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approaches. Generally speaking, the experimental methods used may
be classified as of two types. First are those that accurately
measure gross properties of the material system under study, espe-
cially the energy changes accompanying chemical and physical changes
of the material or system up to high temperatures. Second are the
several types of analysis of data from spectroscopy, which single
out specific components of the system and identify them, estimate
their amounts, and accurately determine many of their molecular
properties. The theoretical methods utilize molecular and basic
thermodynamic principles that greatly help to Interpret the data for
practical operating as well as for laboratory conditions, and eluci-
date by theory and analogy intramolecular and especially inter-
molecular forces that play an Important role in the bulk properties.
Theories of non-equilibrium behavior (radiation, heat-flow, diffusion,
etc.) also are used as important guides to achieving experimental
accuracy, such as in measuring high temperatures. Insofar as

possible, experiment and theory applied to new types of materials
are first always tested and refined by application to materials
whose properties are already known.

The tasks undertaken may be described broadly as several con-
current and sequential phases, (l) It is ascertained what substances
and in what states may be important components of the high-temperature
systems, (2) Already published and reported properties of these
materials are collected and critically evaluated, to find which are

missing or inadequately known, (3) New apparatus, especially for un-
usually high temperatures, is developed, (4) Previously existing and

new apparatus are used to fill the significant data gaps In the
field, (5) Thermodynamic, molecular-structure, and other theory are

used to supplement and test the experimental values, (6) From the
ensemble of properties thus arrived at, definitive tables of the
basic thermodynamic properties from low to high temperatures are
computed in standard form for ready application to specific problems

,

As planned from the first, the major phase of the program has
been experimental, mainly to fill seriously deficient data gaps on

the thermodynamic properties of the simpler compounds and high-
temperature species of the most energetic light chemical elements.

Some precise apparatus, such as calorimetric, was in existence at

the start of the program, and its use for measurements began promptly.

Other apparatus, such as a high-temperature mass spectrometer, was

later procured, and has since been applied steadily in the present

program in yielding new data. Still other apparatus had to be designed,

built, and tested, but is now yielding data for the program or nearing

the point of doing so.
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An important phase of the program concurrent with the experi-

mental work has been the continual survey of the journal and report

literature on thermodynamic and related properties of light-element

compounds (in addition to private communication with contemporary
workers in other institutions) . The result has been the compilation
of extensive up-to-date bibliographies and reported thermodynamic
values, their examination for accuracy and thermodynamic consistency,
and the generation of tables of heats of formation and thermodynamic
functions in the subject area.

The present organization of the NBS program according to specific
properties and techniques is summarized below.

A, Experimental

1. Heats of Formation, Reaction, and Solution by Calorimetry
(Reaction calorimetry of various types: fluorine-bomb,
oxygen-bomb, fluorine-f lame, etc,; solution calorimetry)

2. Heat Capacities of Solids and Liquids; Heats of Fusion and
Vaporization by Calorimetry (Adiabatic calorimetry at low
temperatures, dropping-type calorimetry at high temperatures
attained by resistive and inductive heating)

3* Equilibria Involving Gases (Mass spectrometry, arc-image
heating, transpiration studies; heats of reaction and
formation from changes of equilibria with temperature)

4« Absorption and Emission Spectroscopy (infrared, microwave,
matrix-isolation techniques, fast measurement at high
temperatures and pressures)

B. Evaluative

1. Production of critical tables of thermodynamic properties

2. Up-to-date literature coverage, and compilation of
bibliographies

3. Critical analysis of published data

4 . Computation of new and revised thermodynamic tables

On the following pages are given in more detail the research
accomplishments and future plans of individual research groups in
the NBS program.
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1. COMBUSTION AND REACTION CALORIMETRY OF FLUORINE
AND ITS COMPOUNDS

Bomb Calorimetry of Metals

At the outset of the work, preliminary literature survey revealed
serious gaps in the thermochemistry of the fluorine compounds of the
light metals, Li, Be, Mg, At. In particular it was learned that no
complete determination of the heat of formation of BeF2 (crystal or

amorphous solid) had been made, and that the only completed study of
AtF3 (c) was based upon a novel procedure which led to results greatly
at variance with previous estimates. The determination or verifica-
tion of the heats of formation of these two substances was undertaken
as an urgent task, with first priority being assigned to AlFj, This
task has been carried out and the results have been published in the
case of A1F3 and appear elsewhere, in this report in the case of BeFq.
For BeF2 some finishing touches are needed to establish definitely
the relation between crystalline and amorphous forms, which await
the preparation of good quality crystalline BeFq.

In the process of carrying out the studies on A1F3 and BeFq,
two significant developments of technique in calorimetry were made;
in addition innovations in analysis of starting materials and products
of combustion were made, which provide a film 'understanding of the
processes that occurred and cause the results to be superior, in our
opinion, to any previously reported studies on these two compounds.

Both fluorides were studied by direct combustion of the re-
spective metals in elemental fluorine. Dependence upon auxiliary
data for heats of formation were thus reduced to a minimum, and were
needed only for corrections applied for reactions of impurities.
The metals were found to be refractory to fluorine combustion, and
a substantial amount of time was spent developing a suitable tech-
nique and reaction conditions for achieving complete combustion. The
technique that was used increases the range of applicability of
fluorine bomb calorimetry and is a significant advance in this re-
spect, It consists of pelleting the metal in the form of a powder
with powdered Teflon. The Teflon makes the pellet easy to ignite,
and causes it and the incorporated metal to burn smoothly and nearly
completely. With aluminum, greater than 99 percent combustion was
obtained. With beryllium, 80 percent to greater than 99 percent
combustion was achieved. A significant improvement over previously
reported combustions.
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In the analysis of the starting metals, neutron activation
analysis -was used, for the first time in reaction calorimetry, so

far as we are aware, for determining oxygen. The amount of oxygen
found in the aluminum was much larger than had been expected.

The observed heat of formation of aluminum fluoride was more
negative than any previously reported value. The difference between
the observed results and those reported by tohers, based on reaction
calorimetry involving other fluorides, are brought into better
agreement by application in a systematic way of a revised, more
negative, heat of formation of HF(g). The results therefore provide
a significant additional piece of data favoring the more negative
heat of formation of HF(g) , for which evidence has also been
accumulating from other sources.

In the combustion experiments with Teflon, which was burned
separately in order to establish the amount of heat involved in the
combustion of Teflon in the pellet, the results obtained lead to new
values for the heat of formation of Teflon and added information
about the heat of formation of CF4,

The heat of formation of beryllium fluoride was also verified
by dissolving the metal in aqueous hydrofluoric acid, and combining
the result with a previously reported heat of solution of beryllium
fluoride (crystal) in aqueous HP, This experiment also involved a

new technique. The reaction was carried out in a rotating bomb, and
is, so far as we are aware, the first time that the feasibility of
using the rotating bomb calorimeter for dissolving a metal in acid
has been demonstrated. The technique is suitable for powdered
metals, which dissolve rapidly in HF(aq), and the resulting solution
is made homogeneous by rotation of the bomb. Hydrogen evolved in the
reaction is readily converted to H2O and measured as a quantitative
measurement of the amount of reaction, in verification of the amount
calculated from the mass of metal dissolved, and its analysis. The
method may have a wide applicability. The procedure is very simple
and experiments are readily carried to completion.

Bomb Calorimetry of Compounds

The heat of formation of aluminum carbide was determined by
combustion in oxygen in a bomb calorimeter. The observed heat of
combustion was combined with existing data for heats of formation of
aluminum oxide and carbon dioxide to calculate the heat of formation
of At4C3» Analysis of the starting material was an important feature
of the experiments and several analyses were made. The material used
was the same as that used in low and high temperature heat capacity
studies in this light element program. The carbon dioxide formed was
measured, in confirmation of the completeness of reaction (~ 100$)
and composition of the combustion sample.
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An interesting result of the study from the point of view of
applications of aluminum in organic rocket propellants was the find-
ing that in addition to the commonly known alpha aluminum oxide a

significant fraction of the product was the lesser known delta
aluminum oxide. The formation of this oxide is apparently promoted
by the presence of carbon (and perhaps of nitrogen) in the combustion
mixture. The energy difference between the phases was determined
for us in another laboratory in a high temperature solution calorimeter.

Flame Calorimetry of Inorganic Fluorides

The heats of formation of oxygen difluoride and chlorine tri-
fluoride are objectives in a study of reactions of fluorine compounds
by flame calorimetry. A flow system and calorimeter have been set up
for measuring heats of reaction involving highly reactive gaseous
fluorides. The apparatus consists principally of four parts:
(l) the burner, (2) the flow control system, (3) the analysis train,
and (4) the calorimeter and its accessory apparatus for measuring
the heat of the reaction. Experimental flames have been studied in

order to establish ignition conditions and burning characteristics
of FpO in hydrogen. The possibility that the reaction may be carried
out in such a way as to lead to HpO(g) and HF(g) collected separately
outside the calorimeter, or HF(aq) collected in the calorimeter, is

still under consideration. The former process has the disadvantage
that at low temperatures a large fraction of the water and some HF
are left in the burner at the close of an experiment, and determina-
tion of the amount and thermodynamic state of this solution is not
easy. It also has the disadvantage that even less is known about the
P-V-T properties of HF-H2O gas mixtures than those of HF(g) alone.

Solution Calorimetry of Simple and Complex Fluorides

No information exists on the heats of formation of LiqBeF^c)
and Li3AiF6(c)j in contradistinction to that of Na3AtFb(c), which
is well known. The determination of the heats of formation of the
double salts by solution of LiF, AlFj, and LI3A-IF6, and of LiF,

BeFp, and LiqBeF^ in aqueous acid solution has been studied briefly
but not heat measurements have been made. The work was carried to
the point of finding a suitable solvent for the Be system, but the
major part of this task remains to be done.

Rotating Bomb Calorimeter Development

For use in reactions of metals with acids (as in the case of Be
and HF(aq)) or for other reactions leading to aqueous solutions, the
final solution will not be homogeneous unless stirred. The heats of
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formation of most substances in aqueous solution do not vary linearly

with concentration and hence a non-homogeneous solution potentially

liberate additional heat on mixing. To achieve a thermodynamically

well defined standard state among the products of a bomb reaction,

the bomb may be rotated. A rotating bomb calorimeter was built in

the laboratory following the general pattern of that at the Argonne

National Laboratory, This calorimeter was used for the solution

calorimetry of beryllium. It is a highly accurate calorimeter as

shown by the low standard deviation of a measurement, which is less

than 0.02 percent.

The NBS calorimeter has a motor driven gear arrangement for

rotating the bomb. This includes a solenoid switch which is thrown
to begin rotation, and shafts into the calorimeter connecting the

motor on the jacket to the circular gear around the bomb. Attached
to the motor shaft is a cam which trips an electric counter and thus

causes it to count the number of shaft revolutions. The counter may
also be set to terminate the rotation automatically after a pre-set
number of revolutions.

The motion imported to the bomb is two-fold. The most rapid
is an end-over-end turning of the bomb. Superimposed on this mode
is the slow axial spinning of the bomb. Speed of the end-over-end
rotation is 10 rpm.

Another important feature is that the assembled calorimeter is

designed to be air tight. The main opening of the calorimeter can,

through which the bomb is introduced, is closed by a lid which has a

rubber gasket covering the entire sealing surface. Good sealing
contact is insured by tightening down the four corners of the lid

with screws. The drives for the calorimeter stirrer and bomb rota-
tion pass through oil seals. The platinum resistance thermometer
is inserted through a Nylon bushing tightly fitted to the calorim-
eter can thermometer port.

The bomb is made of stainless steel. Platinum liners protect
the inner bomb body and bomb head. All internal fittings are
fabricated from platinum. The head is fitted with two valves for
introducing oxygen and releasing the gaseous combustion products.
The sample to be burned is placed in a crucible which in turn is

supported in the center of the bomb by a gimble. The gimble support
drops with the crucible from a hangar when the bomb begins to rotate
and so permits rinsing of the crucible in the bomb liquid. The bomb,
inverted, is inserted into the calorimeter and two spring clips are
attached to make the fuse firing connections. The inverted position
directs the flame of the burning sample away from the gaskets a-
round the several ports in the bomb head. When the bomb first be-
gins to rotate, the spring electrodes snap away.
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Heat exchange by conduction between the calorimeter and the
jacket is minimized. Connections to the bomb drive and calorimeter
stirrer are made through nylon chucks. The calorimeter can is
suspended in the isothermal cavity from three lucite V-supports,

The nickel-plated brass isothermal jacket (or bath) is cylindri-
cal in appearance and measures approximately 15" high and 18 l/2"
along the diameter. It sits on three leveling legs. The calorimeter
cavity in the jacket parallels the geometry of the oddly-shaped
calorimeter can so that the can is surrounded everywhere by an iso-
thermal surface about 1 cm away. The cavity is sealed from the top,
through which the can is introduced, by two hollow hinged lids. Bath
water is circulated through the lids; each lid has a glass port to
provide confirmation that the lid is filled with water. Mounted on
the jacket are two l/l5 h.p, motors that drive the two jacket
stirrers fixed opposite one another in the jacket. The jacket is
provided with ports to accept the bath thermostat, platinum resist-
ance thermometer, two tubular heaters, and a cooling coil. The
jacket also is provided with a drain on an overflow.

The calorimeter can is made of nickel-plated copper sheet. Its

unusual shape results from the desire to minimize its volume while
still allowing space for the rotation of the bomb. Four small screw
connections accommodate the four electrical leads — two to the
ignition system and two to the cartridge heater used to bring the
calorimeter to starting temperature. The calorimeter can filled with
water weighs almost 5 kg.

Literature Search and Critical Evaluation of Heats of Formation
of Fluorine Compounds

An important part of the task on fluorine reaction calorimetry
particularly in the beginning of the program, was the systematic
search of the literature and compilation of a bibliography and litera-
ture file on the thermochemistry of fluorine compounds and some
related compounds of the light elements and other elements added from
time to time. Portions of this task were carried out in collaboration
with members of the Thermochemistry Section (NBS) and some contribu-
tions were made by a number of others in the NBS laboratories, with
respect to certain compounds. To a limited extent the materials
found have been correlated, critically evaluated and presented in

the form of tables of selected best values of heats of formation
and dissociation.

A far greater part of the work remains in an unfinished state,

of potentially great value for the preparation of a catalog of thermo-
dynamic determinations and of selected best values of thermodynamic
constants.
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The portion of the work described here was limited in scope to

isothermal processes involving the compounds of interest. By this
limitation, heat capacity studies were excluded, but many peripheral
data were included, such as heats of fusion, evaporation, and other
phase changes, as well as the directly applicable equilibrium
constants of isothermal physical and chemical processes.

At one stage, the compilation of data was supplemented by an

exhaustive search for the literature on fluorine compounds of all
types, carried out with aid from other sources. This search re-
sulted in an extensive compilation which was published as a review
of thermodynamic data of fluorine compounds covering the interval
from 1952 to 1961.

The searches that have been carried out on this program have
resulted in the accumulation of a file of reprints, copies of
reports, and original documents of various kinds numbering close
to two thousand. The source references have been prepared on tape
for ready typewriter duplication. A master card for each reference
lists the compounds described in it, and shows the abstract if that
was found, as well as other relevant information. A file by compound
has for each fluorine compound and phase a reference to the source
of data and an indication of the type of data. Many reviews are
also referenced in these cards.
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2. HEATS OF FORMATION OF CHLORINE -CONTAIN TNG COMPOUNDS

The Thermochemistry Section has developed modifications of bomb
combustion techniques to measure the heats of decomposition of potassium
perchlorate and sodium and potassium chlorate. The results on KCIO4
were reported in Report 6645 (January 1960) ;

the data on the chlorates
have recently been published in J. Research NBS 69A , 1 (1965). The

value obtained for KCIO^ was then combined with calorimetry on the

heats of solution and mixing of other perchlorates to obtain values for

the heats of formation of lithium, sodium and ammonium perchlorates.
These results are reported in Report 6928 (July 1960). A similar tech-
nique was used for the heat of formation of nitronium perchlorate as

given in Report 7437 (January 1962).

The heat of formation of BeCl 2 (c) was measured by the direct chlor-
ination of beryllium metal. The results are given in Report 6928 (July
1960). Unfortunately the crystal phase of the BeCl 2 produced in the

reaction was not identified. Calorimetric measurements were also made
on the heats of solution in HCl(aq) of Be(c) and a sample of beryllium
hydride. Because of impurities present, unambiguous results were not
obtained

.

In Report 8628 (January 1965) the results of recent measurements
on the heat of chlorination and formation of A1 (BH4 ) 3

( liq) were given.

These measurements were made using a flame technique with Cl 2 (g) as

oxidizer.

Current research on this program has been directed towards measure-
ment of the heat of formation of hydrazine diperchlorate. A double
decomposition reaction will be used involving AgClC>4 ,

the heat of decom-
position of which is presently being measured.
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3o CRITICAL EVALUATION OF CHEMICAL THERMODYNAMIC DATA

The Chemical Thermodynamic Data Group of the Thermochemistry Section

has been involved principally in reviewing the status of available data

on various groups of compounds of interest to the program and in the

preparation of tables of thermodynamic functions of a large number of

gases, solids and liquids. The results of these calculations and

evaluations have been reported in the Semi-Annual Reports of the Project.

In January 1959 (Report 6297) thermodynamic functions [(F°-H$)/T,

(H°-Hq)/T, S°, (H°-Hq), C
p
°] for 16 diatomic species were calculated

from 50°K to 7000°K; in July 1959 (Report 6484), thermodynamic functions
for 65 gaseous species were computed and tabulated.

In January 1960 (Report 6645) W. H. Evans prepared a table summar-
izing the thermodynamic functions of C(graphite) up to 4000°K. A review
by D. D. Wagman of thermochemical data on metal hydrides (42 compounds)
and inorganic oxidizers (42 compounds) was presented in Report 7437

(January 1962).

A review of the available thermochemical and related data on boron
oxides, hydrides and halides was presented in the January 1961 report
(No. 7093). Included with this review were 52 tables of thermal func-
tions for boron compounds. This was followed by a review of data on

metal borates in the July 1961 report (No. 7192). The latter report also
includes tables of data on a number of gaseous ions and on NF 2 and N 2F^.

In July 1964 (Report 8504) and January 1965 (Report 8628) two sets
of tables of selected values of heats and free energies of formation of

inorganic compounds as prepared for a general revision and updating of

the material in NBS Circular 500 were presented.

A Substance-Property Index for 1962, summarizing in tabular form
the content of chemical thermodynamic data on inorganic substances that
was published during that year, was included in NBS Report 7796. This
index was a portion of a more complete index prepared for the Annual
Bulletin of Thermodynamics and Thermochemistry of the International
Union of Pure and Applied Chemistry.
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4. LOW TEMPERATURE CALORIMETRY

A. Objectives and Scope of Work

Values of heat capacity from 0°K are needed in the calculation
of thermal functions. Experimental measurements and literature re-
views of heat-capacity data from 10°K and lower to about 400°K are
conducted on substances of interest to the program and the thermal
functions calculated from the data. Wherever data are lacking,
pure samples are procured and, if necessary, special calorimeter
vessels are designed for the experimental investigations. Computer
codes are developed for processing the experimental and literature
data.

B. Summary of Accomplishments

1, Experimental Activities

a. heat Measurements

Measurements of the heat capacity have been made in the range of
about 15° to 3S0°K on the following substances: LiH, LiAtH^, BeO,
Alp03 »BeO, and Measurements on 3At2C>3*BeO and Be3Np are in

progress.

Although the samples of LiH and LiAtH^ used were not of the
desired purity, measurements were obtained with the expectation of
making corrections for the impurities. Heat effects were detected
within the calorimeter vessel in both samples during the heat-capacity
measurements, indicating that a chemical reaction was taking place
within the sample or the sample was reacting with the calorimeter
vessel. Following the completion of the heat measurements, the
samples were removed and sealed in glass ampoules for future chemical
analysis. Before the analysis could be made sufficient hydrogen gas

was apparently formed in the LiAtH^ ampoules to explode and rupture
all the nearby ampoules. LiH is expected to be stable under the
condition of storage. The chemical composition of the LiH and LiAtH^
samples used in the measurements is too uncertain to report any
results. New measurements are being considered on purer samples
using a platinum calorimeter vessel since it is possible that our
standard copper calorimeter vessel initiated the decomposition
reaction in LiAlH^,
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BeO powder, prepared by igniting Be(0H)2 precipitated from
soluble salts, is sub-micron in size. To minimize size-effect
contribution to the heat capacity, pure BeO powder was pelleted by
high compression and sintered at about 1800°C to obtain as large

crystals as possible. The average crystal size of the sample was
about 10 microns. The heat capacity obtained is significantly
lower than the previously published values. For example, the

entropy calculated at 298°K is about 3 percent lower and the heat
capacity at 50°K is about 50 percent lower. The earlier published
measurements possibly contained some contribution to the heat capacity
from the size effect. It is, however, doubtful that the size
effect is as large as 50 percent at 50°K, As a check on the new
results, additional measurements are planned on another BeO sample
prepared by arc melting the powder. The crystal size of this
sample is in general larger than 50 microns.

The additivity of heat capacity of AtpOB'BeO was compared using
the results obtained. From 200 to 380°K the agreement is within
+1 percent

(100 x [C
p
(At

2
0
3
*Be0) - C

p
(Al^+BeO) ]/C

p
(A-t

2
0 *BeO) ) ,

at 100°K about +5 percent, and below this temperature deviation in-
creases positively quite rapidly to 28 percent at 10°K» This
behavior seems to be typical of many mixed-metal oxides.

Thermal functions up to 2000°K were calculated for A-I4C3 using
results of low-temperature measurements in conjunction with those
obtained at the high temperatures by another group in the program.
Comparison of the calorimetric data with the high-temperature vapor-
equilibrium data shows a systematic deviation. This is attributed to
possible deviation from unity of the activity coefficients of the
components of vapor-equilibrium reactions that were investigated.

b» Sample Preparation

An attempt was made to prepare pure AIGI3 for the heat measure-
ments by vacuum sublimation. Since there is a considerable increase
in specific volume in the transformation from solid to liquid,
effort was made to collect the material in the powder form. Although
the material condensed initially as powder, the subsequent condensate
was a solid mass because of poor thermal conductivity under the high
vacuum condition. When the collected solid material was heated for
the second stage of sublimation, the thermal expansion was so large
that the flask was ruptured.
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Consideration was then given to the use of a carrier gas such
as helium to provide the necessary thermal conduction to condense
AlGlj as powder. Since another laboratory (outside of NBS) reported
new heat-capacity measurements on AlGlj, the preparation and the
heat measurements on AlClj were temporarily abandoned.

c. Development of Apparatus and Methods

The heat-capacity measurements with LiH and LiAtH^, which were
considered to be inert when sealed in our standard copper calorimeter
vessel, indicated that possibly these substances or the impurities
they contained reacted with the vessel or their decomposition was
catalyzed by the vessel, A platinum calorimeter vessel, therefore,
was designed for use in measurements on corrosive and highly reactive
substances. The results of design tests show that platinum calorim-
eter vessels of the new design could be used in measurements on most
substances, corrosive or non-corrosive.

The design of the vessel includes efforts to obtain measurements
of improved accuracy. By sealing the thermometer and heater assem-
blies along with helium gas in the re-entrant well of the vessel, the
lag in temperature measurement and heat dissipation is expected to be
decreased. The thermometer resistance is designed to be 125 ohms in
contrast to 25 ohms of a standard thermometer so that the temperature
change, associated with the heat input can be determined more pre-
cisely at the lower temperatures. A recently discovered heater wire
of smaller temperature coefficient will be incorporated in the vessel.
Above 250°K the new wire has comparable temperature coefficient as the
previously used wires. However, below this temperature down to 10°K,
only 0.9 percent change in resistance occurs in the new wire as
compared to about 10 percent in the previously used wires. More pre-
cise energy measurements have been possible with the new wire in
applications with calorimeter vessels of other designs. A thin
copper shell encloses the vessel to provide a good isothermal surface
to the "surroundings" and achieve better adiabaticity and reproduci-
bility. The assembly of the new calorimeter vessel is now nearly
complete. The plan is to use the vessel in measurements with
Li0BeF, and BeF„.

In the course of work in the program the calorimeter in use
developed an electrical leakage. A new calorimeter was designed as

replacement with provisions for calibration of the thermometer sealed
in the platinum calorimeter vessel described earlier. The adiabatic
shield incorporates a standard, calibrated thermometer to which the
thermometer in the calorimeter vessel is compared and thus calibrated.
As a test our standard copper calorimeter vessels, containing thermom-
eters that have been previously calibrated, have been used in the
measurements on Be3N2 with the new calorimeter. The results show very
satisfactory performance.



Daring the program a constant current power supply of long-term

(24 hours or longer) stability of about 1 part in 200,000 or better,

specially designed to meet our power capacity requirements, was pro-

cured in order to make energy measurements simpler and more precise.
This application of a commercially available constant current supply
in precision calorimeter has spread to other laboratories.

2. Literature Survey and Preparation of Tables
of Thermal Functions

The literature survey was focussed initially on the elements
Li, Be, Mg, and At and their compounds with H, 0, N, F, and Ct. The

work was expanded subsequently to include the elements: N, C, Si, Ti,

Zr, Hf, Na, K, B, Hg, Pb, W, Br, I, Ca, Ba, Cr, Fe, and Ni, and the

compounds among them and with the earlier nine elements. In addition
to the binary compounds, the survey included the relatively more
complex mixed metal oxides, halides, and hydrides of the above
elements.

The survey was conducted step-wise so that the status of heat-
capacity data was reported initially. This was followed by tables
of thermal functions wherever data were available for analysis.
Tables on about 130 substances have been issued.

Computer codes were developed for analyzing the laboratory and
literature data to obtain smooth values of heat capacity at regularly
spaced temperature intervals from 0°K on up and calculate the thermal
functions. Since the shape of the heat-capacity curve varied greatly
from substance to substance, no single code could be used for
analyzing the data of all substances. A "master" least-square code
was devised for fitting equations, containing up to twenty select-
able terms, to the literature data. Each selected term could be a

simple power function or a complicated function, e.g,, Debye,
Einstein, or a rational fraction. Successive linear and higher-power
interpolated methods were found practical where the data points were
abundant, suitably distributed, and precise. The method was extended
to interpolation of the apparent Debye 9’s calculated from the
observations after suitable scaling. The lowest temperature of much
of the data was about 50°K. Semi-theoretical methods were developed
for extrapolation to 0°K. Differencing codes for the test of smooth-
ness of the values at regular intervals and smoothing codes, for
application whenever required, have been developed and extensively
used in the preparation of the tables of thermal functions. The
preparation of a code for rounding the calculations of the thermal
functions to the desired number of significant figures depending on
temperature was also found necessary. Some of the computer codes
that have been developed are in use by other laboratories.
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As expected, wherever paucity of data was encountered the sub-
stance was difficult to obtain, highly reactive or toxic, of question-
able existence, or relatively new. Methods of preparation and analysis
of samples for the heat-capacity measurements were investigated and
specifications for satisfactory preparation determined. For example,
in the fusion preparation of refractory samples the use of containers
of the same material was stressed to avoid chemical contamination.
Procedures for bhe preparation of some of the nitrides and carbides
were reported, A number of samples, for example BegNo, BepC, BeoB,
AtpC^'BeO, 3Atp03*BeO, BeO, LiqO*5Atp03, etc, have been procured
for experimental investigations.

C, Future Plans

1* Experimental Activities

Heat-capacity measurements in progress on Be^Np and 3AtqC>3*BeO
will be completed. Future measurements are planned on the following
substances: LipBeF^, Li^A-tF^, BepC, and BeO (second sample of larger
crystal size). About three substances from the following list will
be investigated: BeFq, BeBrq, Belp, BepB, Li^N, Mg3Nq, a-AtBpp, TiBp,
Lip0»Bp03, Lip0»2Bp03, Atp03»Bp0^, AtpO^ *2BpO-3 , and Lip0*5Atp0^ o

These substances are on hand but require chemical and phase analysis.
The final selection will be based on priority and purity of the
sample.

2. Literature Survey

T-be data that have been compiled on the Fe, Cr, and Ni compounds
will be analyzed and tables of thermal functions prepared. New data
or more detailed information have been obtained on some of the sub-
stances that were previously analyzed and reported. The data on these
substances will be re-evaluated. In all about 30 new tables and
10 revisions will be made.
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5. MEASUREMENTS AT MODERATELY HIGH TEMPERATURES OF ENTHALPY
BY DROP CALORIMETRY AND OF VAPORIZATION EQUILIBRIA

BY A TRANSPIRATION METHOD

A, Enthalpy

Relation to Other Thermodynamic Properties , Accurate enthalpy
values of solids and liquids must be determined calorimetrically.
The enthalpy-temperature function gives heats of fusion and transi-
tion as well, whe^ they are involved in the measurement range. It

is appropriate to summarize the principal applications of such

enthalpy data above room temperature when the data are combined with
other thermodynamic data for the same materials:

(1) In effect, high-temperature enthalpies correct heats of
formation and reaction, which are most accurately determined at room
temperature, to the high temperatures where they are often needed,

(2) In combination with the data of low-temperature calorimetry,
absolute entropies are provided which permit evaluating important
high-temperature equilibrium constants 0 (in addition, comparison of
low-temperature and high-temperature results in the temperature region
of overlap near room temperature, affords a valuable check on the
accuracy of the calorimetry techniques,)

(3) The heat capacities of "complex" compounds are often esti-
mated, in the absence of experimental data, as the additive sum for
their chemical components. Accurate data on a few such complex
compounds affords testing and possible refinement of such simplified
estimation procedures,

Existlng-Data Status Before the Program Began . From the stand-
point of the aims of the program, the substances of greatest impor-
tance may be said to be At, Be, B, Li, and their compounds with
H, F, Ct , 0, N, and C which are stable up to, say, 1500°K, There
has been a secondary interest in Zr and Mg and their similar com-
pounds, The specific phase of the program discussed here is limited
experimentally to the temperature range 300°-l800°K, for which fair
to accurate published enthalpy data existed in 1958 for the majority
of the two-element compounds. Among the most accurate were data
measured in this laboratory in earlier programs over the temperature
range 300°-l200°K on the light-element substances Be, Li, Zr, AtpC^,
BeO, MgO, LiF, LiCt , and solid zirconium hydride of several composi-
tions o However, enthalpy data existed for but very few solid stoi-
chiometric compounds and liquid solutions composed of three or more
of the above chemical elements.
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Apparatus . In this phase of the program the "drop" method
alone has been used: A sample in a suitable container, at a known
temperature in a furnace, is dropped into an ice calorimeter which
measures the heat (enthalpy) removed from the sample in cooling to
the ice-point. Two independent such apparatuses are available.
In the first, the sample in the furnace is surrounded by thick silver
to improve the accuracy and ease of temperature measurement, so that
only the temperature range 273°-1200°K has been covered using it. A
volume change of the calorimeter contents of one part in a million
corresponds to approximately one calorie of heat, and at one stage
in the current program many months were required to locate and repair
small leaks that had led to inferior precision. The second apparatus,
constructed primarily to cover the range 1200°-1800°K, contains no
silver but must rely on platinum and close spacing for accurate
sample-temperature measurement, a feature which has not yet been
perfected to the point of allowing the taking of final data with this
apparatus. Both apparatuses were designed and constructed in earlier
programs, and are described in detail elsewhere [1,2]

.

The "drop" method for measuring high-temperature enthalpies is

rapid and accurate, except that substances such as BeFq which do not
crystallize to well-defined states on cooling must employ an additional
technique such as solution calorimetry to overcome this deficiency.

Measurements Completed or in Progress . Enthalpy measurements
have been completed in the present program on Be3N2 (273°-1173°K) [3],
kl/£3 (273°-1173°K) [4]> BeO«At203 (273°-1173°K) [ 5 ], BeO*3At203
(273°-1173°K) [5], 2LiF»BeF2 (273°-873°K) [6], and 3LiF»AiF

3 (273°-
973°K) [7]. (The numbers in brackets reference detailed accounts of
the results.) Some of the samples were unobtainable with high purity,
but all were carefully analyzed chemically at the Bureau, and the
thermal data were corrected for both the impurities and any premelting
they caused. In the case of 3LiF*AtF^ it was necessary to defer
measurement of the heat of fusion and the liquid heat capacities be-
cause of leakage through the container walls, a difficulty commonly
shown by liquid fluoroalumlnates.

Future Plans . Precise measurements of the high-temperature heat
capacity of AtF3 are available in the literature, and earlier were
considered adequate. However, owing to a 20-degree temperature un-
certainty in some of those results it was decided to make repeat
measurement on this substance in the near future, partly because AtF3
is of major importance and partly because accurate enthalpy data are
needed in treating other thermodynamic data obtained in the program.
The deferred measurements on 3LiF»AtF3 mentioned above will then be

carried out. Subsequent enthalpy measurements during the following
several months are planned on perhaps two additional substances chosen

from BepC and several two-metal oxides of the metals At, Li, and B

samples of which are now on hand.
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B. Vaporization Equilibria

Brief Description of the Transpiration Method; Thermodynamic
Properties Determined; Comparison •with Other Vapor-Pressure Methods .

In the simplest application of the transpiration method, a non-reacting
gas is flowed over another substance in a condensed state, which
partially evaporates to saturate the gas with the vapor. These gases
are usually assumed to obey the ideal-gas law to a sufficient approxi-
mation, so that measurement of the mass of vapor, the temperature, and
the volume of gas flowed enables the product of the vapor pressure and
the vapor molecular weight to be calculated. The method obviously can
be, and often is, extended to measurement of gas-phase equilibrium
constants for non-congruent evaporation .and for reaction? .of the vapor
with one or more components of the flowing gas. The.parual pressure
of any species does not change as long as the composition of the con-
densed phase from which it arises by simple evaporation does not change.
And this partial pressure may already be known irom other measurements
involving this simple evaporation only.

The empirical volatility of the condensed substance in the
presence of a reacting gas is often of practical value in itself. But
it is of more general application when, with measurements at different
temperatures and different activities of condensed and/or vapor
components, the equilibrium constants, heats of reaction, and other
thermodynamic quantities derivable from them may be calculated un-
ambiguously for clearcut chemical reactions or vaporization processes.

With conventional techniques of measurement, the optimum pressure
range of the transpiration method extends from approximately 0,1 to

10 mm Hg or higher, an intermediate range compared with those of the
effusion and direct-pressure-measurement techniques. The transpiration
method can be fairly precise; as used heretofore it has a precision of
the order of one percent, but, unlike mass spectrometry, sometimes
suffers from being unable to discriminate among and determine different
possible molecular components of the vapor, such as monomer (pq)

,

dimer (pq) , and sometimes trimer (p3) . In principle, the combination
with other methods affords some opportunity to resolve this indeter-
minacy, since the assumption of the monomer molecular weight leads to
a calculated total pressure equal to (pi+2pq+3p3) by the transpiration
method, (pqi/"2 pqu s/3 P3) by the effusion method, and (pi+Tq

-1!^) by
the torsion-effusion or by a direct-pressure method.

Apparatus Development . The details of the transpiration apparatus
designed, constructed, and tested early in the program are given else-
where [8], but may be summarized here. A resistance-heated furnace
was built to house the evaporation cell, which for temperature uniformity
and inertia was first surrounded by thick copper that was soon replaced
by nickel to allow higher operating temperatures. The temperature
gradients in the evaporation cell were extensively studied, and minimized
by redistribution of the heater inputs. In practice steady-state heating
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was found to give temperature steadiness so good as to permit
correction to the average temperature during a run by simple Integra-
tion, Since the first systems planned for measurement are non-metallic,
the flaw train through the furnace -was constructed of platinum-rhodium
parts, 'with constrictions designed to prevent error-producing vapor
diffusion and radiation losses. Thoroughly dried argon is used as
the carrier gas, sufficient approach to evaporation equilibrium
having been established by varying the flow rate. The mass of en-
trained vapor is determined by weighing it after its condensation
downstream. The evaporation of high-purity benzoic acid was selected
for preliminary trial runs.

Measurements on Aluminum Trifluoride, At the start of the
program the existing vapor-pressure and vapor-association data for
Ai } Mg, ALF3 , MgFp, MgCtqj and LiF were analyzed for thermodynamic
consistency. It was found that the vapor-pressure data on AlFj
(then believed to be highly monomeric) .gave highly discordant heats
of vaporization (on which the evaluation of its standard heat of
formation depends) , and so a high-purity sample of this substance
was chosen for the initial investigation. The results are described
in detail elsewhere [ 8 ], Seventeen runs were made over the tempera-
ture range 1233°-1288°K, and the calculated Third-Law heats of

sublimation (at 0°K) showed no drift with temperature and a standard
deviation of 0,08%, A recently published mass-spectrographic study [9],
though subject to the limited precision of that technique, indicated
that the vapor in the present study contained between 4 and 15 mole
percent of dimer (At 2^6) * The present data were analyzed, and were
found to correlate closely with published data on aluminum trifluoride
by other methods at about 1050° and I425°K if in all these cases the
saturated vapor were assumed to contain at least some dimer, but
close to the lower limit indicated by the mass-spectrographic data.

Investigation of the AlF^-AlGl^ System . A single run at about

1250°K was made in which ALF3 evaporated in the presence of finely-
divided crystalline A^2^3 • But there was no detectable enchancement
of the apparent vapor pressure of the A-IF3 , which should result if an
appreciable amount of a gaseous aluminum oxyfluoride were formed.

In contrast, A-E-F3 and AlCl^, which as gases are largely monomeric
near 1250°K, are expected to undergo extensive interaction according
to the all-gas reactions

2AtF„ + AlCl 0 = 3AtF„Cl
d 5 2

AtF„ + 2AlCl 0 = 3AtFCt 0
3 j 2

Heretofore, in the absence of any data, the heats of these reactions
have been estimated by others as zero or nearly so.
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Calculations showed that the transpiration method should be

well adapted to studying this system and evaluating the thermodynamic
properties of both mixed halides, and the apparatus was modified to

evaporate AlClj in a boiling- liquid thermostat and pass it (with argon)

through a heated path over solid AiF^ at higher temperatures. Two

preliminary runs indicated such extensive interaction between the two
halides as to require a very accurate determination of the amount of

unreacted AlClj vapor. However, the latter is so reactive chemically
that it was found necessary to modify the apparatus radically in

order to eliminate contamination from traces of moisture. In addition,
a section of gold-plated nickel in the flow path that had been corrod-
ing was replaced by stainless steel type 316, a material which had
shown little or no such corrosion. Whatever mixed halides form are
assumed to disproportionate to AlFj and AlGlj when cooled, and the
latter is condensed and analyzed by weighing and titration, which
agree within a few tenths of a percent. Chemical analysis at the
Bureau of the unevaporated and condensed samples of AlGlo, show within
less than 0,1% the theoretical aluminum content.

Future Plans . Systematic runs on the AlFj-AlClj system will be
carried out during the coming months e The next system planned for
similar study is AtF3~HF. If this study gives completely negative
results, it is planned to proceed soon thereafter to another light-
element halide system.
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6. ENTHALPY MEASUREMENTS ABOVE 1200°K

The thermodynamic properties of materials at high temperatures

are often estimated by extrapolation of measurements at lover tempera-

tures. Extrapolation often is adequate to estimate properties of a

solid at high temperatures from good lover temperature data, but, if

properties of the liquid are desired, some other means of estimating

the heat of fusion and liquid heat capacities are required. Such
estimates may be considerably off the mark. For example, the heat

of fusion of LiF vas estimated from phase diagrams [l] to be about

l/3 the value observed later [2]. The heat of fusion of AtpC^ is

another example of the need for data in the liquid range. Walker [3]

estimated the heat of fusion from phase diagrams to be 26 kcal/mole.
The measured value is about ten percent higher.

The vork reported belov vas undertaken to measure the properties
of high temperature liquid phases directly and eliminate some of
the uncertainties.

Summary of Accomplishments since January 1965

Measurements of the enthalpy of Ai2C>3 relative to room temperature
have been made by the method of mixtures from about 1200°K into the
liquid range, including the heat of fusion. The apparatus used
consists of an adiabatic calorimeter vhich is calibrated electrically
vith a precision of 0.005% (standard deviation), a nev precise auto-
matic optical pyrometer vhich gives a continuous reading of the
furnace temperature and is also used to control it, and an rf induction
furnace veil-insulated to reduce the pover requirements and the
accompanying temperature gradients.

To obtain the enthalpy at a given furnace temperature, four
experiments are made on the same day - - the first on the empty cap-
sule, tvo more on the capsule u Atp*^, and the last on the empty.
These data suffice to determine the enthalpy at that temperature and
estimate the precision of the measurements. Subsequent changes in
the sample or the capsule do not affect these result

s

0 The order of
experiments serves to average small changes during the day in veights,
emittance, temperature gradients in the furnace, etc. The capsule
is removed from the apparatus tvice daily and the veight can be
checked at these times as veil as before and after the day's vork.
No other high temperature enthalpy measurements provide these checks
on changes in the sample and capsule.
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The results obtained for A-I 2O3 with this apparatus and method
are believed to be more accurate over this extended range than any
other measurements above 1200°K»
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7. STUDIES ON ALUMINUM HYDRIDE-TRIMEUHYLAMINE COMPLEXES

In 1959* al umi m rm hydride evoked considerable interest as a

possible fuel, therefore, its heat of formation was of great interest*

Since aluminum hydride free of coordinated polar solvents had not

been prepared at that time, it was felt that some idea of the heat

of formation could be obtained by a study of the decomposition of the

trimethylamine complexes of aluminum hydride. Samples of these

materials were supplied by Dr. C, D. Marsel of New York University.

The vapor pressure of aluminum hydride bis (trimethylamine) was

determined between 20° and 60°C as follows:

log P - =2^- f 11.15

From this equation was calculated the following value for the heat

of sublimation of 14800 ±150 cal per mole.

A study was also made of the equilibrium reaction.

AtH
3
-2N(CH

3
)
3
(g) = AtH

3
‘N(CH

3
)

3
(g) v NtCH^g)

using temperature-pressure data at 70° to 95°C. An equation for this
reaction was determined as follows:

Log K = -2.9 x 10
3
/T ^ 6.0

It is felt that the accuracy of the measurements might be improved
by more sensitive temperature control and the use of a cathetometer
for reading pressures. However, the data was obtained at low
pressures and under conditions of relatively low degrees of dis-
association which tend to increase mathematical errors. It appears
that for this reaction the heat of formation (AH^) is about

14 K cal/mole, the entropy of formation (AS^.) is about 30 e.u. per
mole and the free energy of formation (AF) about 4000 cal/mol.

Synthesis of Light-Metal Hydrides

A study was made of methods of synthesis of certain light metal
hydrides. Theoretical calculations and unsuccessful experiments
elsewhere indicated that synthesis by direct union of the elements
was unlikely. Pyrolytic techniques had yielded products which assayed
rather low in the desired hydride.
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An apparatus was developed in which the entire operation took
place in a closed system. By varying the technique a product was
obtained assaying up to 85 weight percent hydride. Subsequent
industrial development of this method raised this assay to 94 weight
percent. Analytical studies of this material yielded information
useful in the development of new ideas of the structure of this
material. Studies were also made of decomposition rates.

A further study was attempted to determine the nature of the
affiliated organic groups using a Knudsen Cell. Here the hydride
was heated slowly from toom temperature up to 300°C and the gases
escaping through the orifice were analyzed by a time-of-flight mass
spectrometer. It was hoped that the varying of the peaks would
yield information on the size and possibly the location of these
groups. However, the mass spectrometer patterns were too complex
and this project was suspended.

Decomposition and Analysis of Aluminum Borohydrlde

The development of interest in aluminum borohydrlde was accom-
panied by great interest in the heat of formation of this material.

Aluminum borohydrlde is a very reactive, spontaneous flammable
material. It is very difficult to analyze this material quantita-
tively for aluminum, boron, and hydrogen. This is because too rapid
decomposition will cause the release of boron hydrides and also the
formation of difficult soluble aluminum borides, A great many
experiments were run using many decomposing agents and techniques
ofcontacting. The most successful was the reaction of aluminum boro-
hydride with isopropyl alcohol in the vapor phase. After the initial
reaction was complete the alcoholate was decomposed with 2N sulfuric
acid. The gases were collected and measured. The gas produced by
this procedure had a very slight boron hydride odor, but these hydrides
could not be detected by instrumental means. Although this proved the
most effective method of analysis, it still have a low hydrogen content.

Some attention was given to the possibility of analyzing aluminum
borohydrlde by gas-chromatography. However, the reactivity of the
material made it unsuitable for use in our instrument.

Literature Surveys

At the outset of the program a literature search was made for
preparation and analytical data on the oxides and hydroxides of aluminum,
beryllium, magnesium, and lithium. Later a continuing survey was made
of the alloys and interstitial compounds of aluminum, beryllium,
magnesium, and lithium with themselves and with titanium, tungsten,

and zirconiumo
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8. PREPARATION OF PURE POLYMORPHS OF BeF^

From Jan. 1962 to present, the time of one research worker has been

devoted to the development of new apparatus, new precedures, and new

techniques for the physico-chemical phase separations to 1000°C for the

chemical pruification and the physical-state preparation of a pure

polymorph (chemically pure and in one crystalline form) of polymorphic

inorganic fluorides, such as BeF„. This work has been fully supported

by ARPA with emphasis on BeF„ because of the inability to secure this

compound as a high-purity, well-defined crystalline solid sought for in

the establishment of very reliable physical and thermodynamic properties

of BeF^ in the ARPA light-element program at NBS.

In the achievement of the above goal for BeF^ factors such as the toxi-

city and hygroscopicity of BeF^ had to be considered as well as its reac-

tivity at elevated-temperatures and the careful heat-control that is required

for physical-state, solid phase, purity. Facilities developed have included:

(l) an assembly for toxic materials (three-compartmental arrangement
where high-temperature part of assembly is in hood with high-exhaust
for safety); (2) furnace and temperature control ( customed-designed,
three-zone furnace whose temperatures for producing environmental heat-
conditions with experimental vessels are automatically controlled and
recorded by a remote panel); (3) controlled atmosphere dry box (altered
to accommodate special experimental vessels for material addition or

solid product removal under a controlled gaseous atmosphere such as

N^)
; (4) special cell for phase purifications (designed and fabricated from

Inconel, Monel and Nickel at NBS for phase separations to 1000°C; equipped
with thermocouples for monitoring temperatures of three areas of the cell

during phase separations such as distillation, crystallization, sublimation
and preferential decomposition and constructed for disassembly or assembly
in a dry box whereby solid products can be added or removed in containers
from three areas of the cell); and (5) apparatus for the "hydrofluorothermal"
process (technique for anhydrous addition of HF from a rupture-disc
ampoule to a closed bomb for use in the development of a process for the
crystal growth of BeF under HF pressure, similar to that used in the
hydrothermal growth or quartz from SiO^)

.

Distillations at 1000°C with BeF in the special cell have been per-
formed to obtain: a better analysis for BeO in the original sample; high-
chemical-parity glassy BeF^; and a small amount of pure polymorph, that was
identified by microscopic and X-ray powder diffractometry as the
(low-temperature), quartz-like, hexagonal form of BeF^. In the above
distillations, the above polymorph was the minor product in the
condensation of the vapors; different heat-transfer conditions for the
condensation of the vapors would be expected to produce the pure
polymorph as the major product and thus offers a good method for
producing the large quantity (l50g) desired for the program. The glassy
BeF^ of high-chemical purity and free of gaseous or other inclusions is
also very useful for other aspects of the program such as the determination
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of the vapor pressure and heat of fusion and the comparison of glassy and
crystalline BeF^. Another important use for glassy BeF^ would be as a

chemical standard for beryllium and/or fluorine.

Generally, inorganic substances are polymorphic and the solid form
of the material can exist in several different crystalline states; thus the
procedures developed for BeF^, would be applicable to a large number of

other materials. The problem of hygr oscopicity also is not uncommon
and requires special handling techniques. Since fluorides are much
more volatile than oxides, purification through the fluoride as an

intermediate is applicable in the preparation of chemically-purer

,

crystalline oxides.
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9. HIGH TEMPERATURE MASS SPECTROMETRY

Literature surveys had indicated that in many high temperature
studies experimental identification of the species existing was absent.

The study of selected light element compounds, for -which thermodynamic
data was non-existent, was undertaken by employing a mass spectrometer
designed for high temperature use.

The Be-O-F System

The vapor species, arising from BeO and BeF each studied
separately, were available in the literature. It was confirmed that

over BeO at 2200°K, the vapor species seen mass spectrometrically were
Be+, 0*-, (BeO) +

, (BeO) +
, 0 + BeC^, (Be0)

2
+

, (BeO) +
, and (BeO)

6
+

.

Vaporization or BeFp prbvidea the species BeFq4", Be+ , F±, and
Be2F3

+
. The BeFp data produced a sublimation enthalpy of 55.79 ±0.53

kcal/mol at 0°K fr om BeF2 that was predominately not crystalline.

The reaction of BeFp (g) with BeO in the temperature range
1520°-2170°K produced a new species, Be20F2 (g). The enthalpy of forma-
tion for this compound was computed from a van't Hoff plot, AH°</-i •730>

=

39.25 ±3.5 kcal/mol and AH0^^^> = 40.68 ±0.86 kcal/mol. Comparison
of the enthalpy of formation computed from free energy functions and
the van't Hoff plots indicated that an error existed in the free energy
functions for BeFp (g) . New matrix isolation data did give new bending
frequencies from which improved free energy functions were obtained and
the enthalpy computed from these functions gave good agreement with the
experimentally obtained enthalpy value.

The AlgOg-BeO System

Mass spectrometric examination of the vapor species above the
compound A^Oq'BeO in the temperature range 2180-2570°K indicated the
existence of A10Be+ (g) in addition to Be

, D*", Al+ , C>2
+

, Al20+ , and
(BeO^ . Enthalpy changes for the following reactions were determined
by the van't Hoff equation and from free energy functions:
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(1) 41(g) + Be(g) + 0(g) = AlOBe (g)

(2) 2A1 (g) + 0(g) = Al
20(g)

(3) Al20(g) + Be(g) = AlOBe(g) + Al(g)

(4) io2 (g) = 0(g)

(5) Al
2
0^*Be0(l) = 2A1

( g ) + Be(g) + 40 (g)

Reaction
o

van’t Hoff Equation, AHq Free Energy Functions, AH

(1) - 221.8 - 231.2 ±3.3

(2) - 269.5 - 253.1 ±4.6

(3) + 25.5 + 21.3 ±6.2

(4) + 59.3 ±1.0

(5) + 826.0 (AH^^^qnJ
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10 „ VAPORIZATION OF REFRACTORY MATERIALS,'

ARC -IMAGE RESEARCH

Accomplishments Since 1960

An arc-image furnace was acquired in 1960, and adapted for high-
temperature studies. High-temperature research associated with the

arc-image furnace was carried out in three areas: (1) solution of the

problem of temperature measurement, (2) measurement of the rate of

vaporization of liquid AlgOg in vacuum and in gaseous atmospheres, and

(3) investigation of the transparent film which condenses on the flask
surrounding the alumina sample when liquid AlgO., is vaporized in vacuo .

The temperature of a molten alumina drop formed on the end of a

heated rod was measured with an optical pyrometer, sighting along the

axis of the rod. Drops larger than about 3.5 mm were determined to be

"infinitely thick,” i.e., no radiation reflected or emitted by the

liquid-solid interface penetrates the liquid to reach the pyrometer.
Only a spectral emissivity for the liquid need be considered for these
large drops. The absorption coefficient y\ for the liquid at 0.66 m.

wavelength is estimated to be 1.0 mm-1 . The apparent temperature
observed in vacuum is higher than temperatures observed in air and in

Ng indicating that an ambient gas cools the surface of the liquid by

convection. In both vacuum and ambient gases, the apparent temperature
of drops about 1.00 mm thick or larger exceed the melting point tempera-
ture of liquid alumina.

The rate of vaporization of molten Alg03 was measured in vacuum
for a temperature range of 2491°-2604°K and a mean third law heat of

vaporization was calculated for the process A^O^l) = 2Al(g) + 3 0(g)

AH,
0

(298) = 729.0 kcal mol” 1

standard deviation = 2.8 kcal mol-1 .

The heat of vaporization calculated from the JANAF Thermochemical Tables
is 708.0 kcal mol-1 .

Liquid alumina was observed to absorb water vapor and to bubble
it off when frozen in a water vapor atmosphere. This phenomenon of

bubbling was not observed when molten Alg

0

3
froze in the presence of

,
He, Qg ,

Ar, or air. However, comparison of the rate of vaporization
on molten Alg03 in HgO(g) with rates in He and Ar did not show any
noticeable difference. An attempt was made to estimate the rate of
vaporization in the presence of an ambient gas by treating the removal
of Al, 0, and A10 vapor species from the region of the liquid as purely
a gaseous diffusion process. However, the estimated rates were too low,

indicating that probably both convection and condensation play an
important role.
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The transparent film which condensed on the interior of the

pyrex bulb surrounding alumina specimen when it was melted in vacuo
was found to be "amorphous" within the limits of detectability by

x-ray and electron diffraction. The film was isotropic with a refractive
index of 1.614. It showed a water band at 2.9p and lost 47. in weight
when ignited to 1200°C, indicating that it was only slightly hygroscopic.
The amorphous film began to crystallize at about 570°C after an anneal
of 8 hours, passed through a form corresponding to a mixture of the delta
and theta aluminas reported by Stumpf from 670°C up to about 900°C and
was entirely converted to a-alumina by 1070°C.

Projected Plans

1. Completion of studies of the vaporization of liquid AlgO^

in gaseous atmospheres of Ar, He, Ne, Hg , 0^, and Hg 0 with
emphasis on determining the influence of water vapor on the

rate of vaporization.

2. Renewal of effort to melt BeO using a higher intensity of

radiation, to measure its rate of vaporization and to

investigate the vapor-deposited material.

3. Adaptation of quadrupole mass-spectrometer to the system to

identify and study vapor species from liquid alumina under
neutral conditions.

4. Determination of the density and surface tension of liquid
a lumina

.

publications

Several publications in books and journals Have resulted from this

phase of the program, and several others have been planned for the near
future. Details (titles, authors, and references) may be found elsewhere

in this report, among a list of publications for the entire program*
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11. MICROWAVE AND INFRARED SPECTROSCOPIC STUDIES OF LIGHT-ELEMENT COMPOUNDS

This group has been engaged since the beginning of the Light-

Element Thermodynamics Program in spectroscopic studies of various

compounds which are of importance to the program. The general aim

has been to obtain accurate structural information required for

the calculation of ideal gas thermodynamic properties, as well as

other molecular properties which might throw some light on the

nature of the species present in high-temperature systems. Two

classes of experiments have been involved: (a) the development of

special apparatus for obtaining spectra of species which exist only

in a high-temperature environment, and (b) the study of stable species

whose spectra can be obtained with more or less conventional appa-

ratus. The initial activity involved spectra in the microwave region,

but more recently infrared work has also been carried out. In addi-

tion to the experimental program, members of the group have participated

in the evaluation of published spectroscopic data for use in thermo-

dynamic calculations.

Development of high-temperature microwave spectrometer . At
the beginning of the Light-Element Program it appeared that

microwave spectroscopy offered some promise for direct study of

gaseous species present in high-temperature systems. This hope
has to some extent been realized, although a number of limitations
of the technique have become apparent.

The objective was to build a waveguide absorption cell
which could be heated to as high a temperature as possible and
then to measure the absorption spectra of gaseous species contained
within the hot waveguide. The first plan was to construct a cell
similar to that used by Mandel, Stitch, Honig, and Townes^- for microwave
studies on the heavier alkali halide molecules. This is essentially a

conventional Stark-modulation waveguide made of materials which can

withstand the high temperature and the inevitable chemical attack.
This approach proved to be impractical; the complexity of the design
resulted in a large number of experimental problems which added up
to generally poor performance. A new type of waveguide was therefore
developed^ which is much better suited to high-temperature operation.
A spectrometer was built around this new design which is capable of

operating up to 1000°C and over a frequency range of 20,000 Me to
60,000 Me. The simple design of the spectrometer permits rapid
cleaning and changing of samples.

Several investigations have been carried out successfully with
the high-temperature microwave spectrometer. The rotational spectrum
of LiCl vapor has been measured and analyzed.-^ These measurements provided
very accurate values of the rotational constants Be , ae » and Ye for LiCl,
as well as values for the electric dipole moment in several vibrational
states. Attention was then turned to the aluminum halides. While the
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trihalides show no microwave spectrum because of their high symmetry,

conditions of temperature and pressure were found where spectra of the

monohalides could be detected. The monohalides were produced by reduction
of the trihalides with elemental aluminum. Accurate rotational constants
were obtained for both A1F and A1C1; electric dipole moments and nuclear
quadrupole coupling constants were also measured, and some conclusions
were drawn about the nature of aluminum-halogen bonds. ^ Finally, the

conditions required for the observation of the A1F and A1C1 spectra
allowed estimates to be made of the dissociation energies of these
molecules; the estimates were in excellent agreement with other data.

Application t: polyatomic species . The more interesting potential
application of the high-temperature microwave spectrometer was to the
determination of the structure of polyatomic species present in high-
temperature systems. However, little progress has been made in this

direction. During the measurements on A1F and A1C1 no trace was found of

spectra of AlFq and AlClq, which were possible constituents under the

conditions of study. This was not too surprising, since the spectra of

the dihalides were expected to be quite weak because of the presence of

complex fine structure.

limited searches were made for spectra of several other polyatomic
molecules, including LiBOq and CsBC^. However, the major effort in this
area was made on the alkali metal hydroxides. Extensive systematic
searches were made on NaOH and KOH under a variety of conditions, but
the results were completely negative. The reason for this is not clear.
Although decomposition of the hydroxides and reaction with the waveguide
materials caused serious problems, conditions were eventually achieved
under which the hydroxide vapor could be contained satisfactorily in the
waveguide cell. The most probable reason for the failure to observe
alkali hydroxide spectra appears to be a high degree of dimerization
(the dimers would show no spectrum). Calculations with the best available
thermodynamic data predict sufficient monomer concentrations under the

conditions used in the experiments. However, there are enough uncertain-
ties in the thermodynamic data to leave open the possibility that the
monomer concentration was too low under the accessible experimental
conditions.

The prospect of applying microwave techniques to polyatomic species
in high-temperature systems is therefore somewhat discouraging. This
is rather unfortunate, since there are many interesting and important
problems concerning the structure of gaseous polyatomic molecules of

the light elements. The basic difficulty is one of sensitivity. The
distribution of molecules over many internal states, which is an un-
avoidable feature of high-temperature spectroscopy, combined with various
experimental difficulties which tend to reduce spectrometer sensitivity,
make it very difficult to detect spectra of polyatomic molecules.

In spite of these discouraging results, the high-temperature micro-
wave program will be continued. Very recent advances in techniques for

detection of weak signals offer hope of an order-of-magnitude improvement
in sensitivity of the existing spectrometer. Application of these
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techniques will be explored during the next year. If they look promising,

work on the alkali hydroxides may be re-opened. The possibility of

detecting the spectrum of the CIO radical will also be considered.

Spectroscopic studies of stable compounds . Although the major
effort of the group has been devoted to the development and application
of the high-temperature microwave spectrometer, a certain amount of

work has been done on stable compounds for which molecular constants
were needed for thermodynamic calculations. The microwave spectrum of

NpF^ was analyzed and the structure of the molecule determined .'5 During
the last year infrared studies have been carried out on aluminum and
beryllium borohydrides with the aim of obtaining the complete set of

vibrational fundamentals. Considerable progress has been made with the
analysis of these spectra, and the work should be concluded during the
next six months. Other infrared and microwave studies are planned on

interhalogen compounds in the near future.
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12. FAST MEASUREMENT METHODS FOR THE

STUDY OF PROPERTIES OF MATTER AT HIGH TEMPERATURES

INTRODUCTORY ABSTRACT

Electrical discharge and similar methods are employed for the high-

speed generation of high-temperatures (above 2000°K) for thermodynamic

and spectroscopic studies. The ultimate goal of the project is the

development of experimental methods for the measurement of properties
of high-temperature solid, liquid, and gaseous substances, with emphasis

on those substances which are of current interest in chemical propulsion
work. Appropriate techniques of fast-measurement are developed where
needed for observation of the systems under the extreme and transient
conditions of experiment.

At the present time, spectroscopic studies are being performed
in order to synthesize and determine the properties of selected diatomic
molecules. Data such as electronic energy levels, vibrational
frequencies, and moments of inertia, which facilitate computation of

thermodynamic tables, will be determined for any new species observed.

Also, design, construction and experimental work is underway to

develop a system capable of measuring certain thermodynamic and trans-
port properties of matter (in solid and liquid phases) at high tempera-
tures (above 2000°K) and high speeds (millisecond and microsecond times).
The major accomplishments to date are summarized in the following para-
graphs.

DEVELOPMENT OF METHODS AND APPARATUS

Several suitable capacitor discharge systems, designed to meet the
needs of the various stages of the project, have been designed and
constructed. Of these a 10 kv, 400 pF bank (maximum energy storage
20,000 joules) and a 20 kv, 60 pF bank (12,000 joules maximum) have

been used extensively. A faster (ringing frequency 300 kilohertz),
100 kv, 1 pF system has been used for exploratory development work. A

heavy direct current electrical power supply system was designed and
constructed. Special switching (spark gap), triggering, recording,
and time delay (for synchronization of measurements and experiment)
equipment have been designed and/or adapted. Vessels, complete with
vacuum pumping and gas charging systems, have been designed for work
with exploding wire, tube or foil samples.
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TIME -RESOLVED PHOTOGRAPHIC STUDIES

The discharge-explosion process has been observed in high-speed
photographic experiments in order to find time intervals and places
in the explosion chamber which are suitable for direct experimental
measurements. Fast-opening and closing shutters were developed to
facilitate this work [l]. The various stages of the mixing process

between exploding wire samples and a confined air environment were

examined and correlated with simultaneous, time-resolved spectroscopic
r e sul t s

.

SPECTROSCOPIC STUDIES

The high-temperature mixture generated by exploding aluminum
wires in an air environment has been observed using both integrated
and time-resolved spectrographic techniques. A six-channel photo-
multiplier system was designed and constructed for time-resolved
intensity measurements at six different wavelengths of the spectra

emitted by the explosion. Preliminary experiments with the system
have suggested a method, which involves comparison (under a grey-body
assumption) of intensity measurements at several wavelengths in the
continuum, for determination of the average temperature of the discharge
mixture at selected intervals during the explosion.

The integrated spectrographic results have shown Al-lines (3082,

3093, 3944 > and 3962 8) and A10 bands (the green system: A X ^2

and part of the ultra-violet system at and below 3113 8) . A report
on this and the photographic work is in preparation.

ELECTRICAL MEASUREMENTS

After considerable effort, reliable methods for measuring the
discharge current and voltage have been developed. The latter method
measures the resistive component of the voltage across the sample
directly, and thereby permits time-resolved determination (without calculated
corrections for induced effects) of sample resistance, power and energy
dissipation in the explosion mixture. A series of experiments has
been conducted with exploding aluminum wires at different levels of
energy storage. The system was calibrated calorimetrically using a

method developed earlier in the project [2]. The measuring system and
exploding wire results are described in a paper recently submitted for
editorial review and publication. [3]

MILLISECOND AND MICROSECOND CALORIMETRY*

The complete experimental system was designed and constructed
for the measurement (with millisecond time resolution) of certain
thermodynamic and transport properties (enthalpy, specific heat, and

* This study is sponsored in part by ARPA.
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electrical resistivity) of electrical conductors up to their melting
points. The system and the preliminary results are summarized in

Ref. [4]. A survey of the literature on fast measurement techniques,
with emphasis on those pertaining to thermodynamic measurements, was

made [5]. At present, refinements are being made in the photoelectric
temperature measuring system having millisecond time resolution.
Parallel with this, research is underway to develop a temperature
measuring system with microsecond time resolution employing photographic
methods. Also, design and construction of auxiliary components are
underway for the development of a cascade system capable of measuring
certain thermodynamic and transport properties of solids and liquids at

high temperatures (above 2000°K) in millisecond and microsecond times.

THERMODYNAMIC CALCULATIONS

Calculations of the composition, entropy, enthalpy, and density
(as functions of pressure and temperature) of the gaseous mixture
produced by exploding an aluminum wire in an air environment have been
performed for pressures between 0.01 and 1,000 atm and temperatures
between 1,500 and 6,000 °K. A computer program suitable for future
calculations with different components was written for this work. The
method of calculation and results were described in NBS Report #8504.

PLANS FOR FUTURE WORK

In the next few months modifications and extensions of the
apparatus, required for spectr ographic studies of other discharge
systems, will be completed. The aluminum- oxygen, aluminum-hydrogen,
aluminum-nitrogen, and other systems will be explored. Electronic
energy levels, vibrational frequencies, and moments of inertia will
be determined for any new species observed. Concurrently, the recent
spectroscopic literature on selected diatomic molecules will be searched
and evaluated critically.

The development of a system for the measurement (with millisecond
and microsecond time resolution) of certain thermodynamic and transport
properties of matter (in solid and liquid phases) at high temperatures
(above 2000°K) will be continued.
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PART B. THERMODYNAMIC PROPERTIES OF LIGHT-ELEL1ENT COMPOUNDS

Chapter B1

A LITERATURE SURVEY OF THE HIGH-TEMPERATURE
THERMODYNAMIC PROPERTIES OF SELECTED HEAVY ELEMENTS

(Ti, Zr, Hf, Th, W, U, Hg, and Pb) AND
THEIR COMPOUNDS WITH LIGHT ELEMENTS

by H. W. Flieger, Jr 0 , T. B, Douglas, and R. F. Krause, Jr.

Introduction

A number of the heavier elements and some of their compounds
with multivalent non-metals have important refractory applications.
In addition, for several years there has been an interest in the
possibility of using certain heavy elements and their compounds as

components of chemical-propulsion systems under special circumstances.

An attempt is made here to reference and abstract, in a single
review, the more recent literature reporting information on their
high-temperature thermodynamic properties. However, because of

time limitations no attempt has been made by the authors to examine
the data critically as to their accuracy, reliability, or .inter-

consistency. But many references are made in the survey to
excellent compilations in which more or less thorough critical
selection was involved. The present survey is fairly up-to-date,
but makes no claim of being complete.

The survey covers and is limited to the uncombined elements
titanium, zirconium, hafnium, thorium, tungsten, uranium, mercury,
and lead, together with their hydrides, fluorides, chlorides,
iodides, oxyfluorides, oxychlorides, oxides, nitrides, carbides,
borides, and gaseous oxygen-hydrogen compounds. The properties
covered are enthalpy and heat capacity; heats and temperatures of
transition, fusion, and vaporization; and both congruent and non-
congruent vaporization equilibria — all at or above room tempera-
ture. In addition, gas dissociation energies are included, since
they are intimately related to many heats of vaporization. Omitted
in general are low-temperature and reaction calorimetry, and
absorption and emission spectroscopy.

Appearing after each element or compound listed in the survey
is a short abstract of the pertinent information in the literature
referenced. When reference is made to a work containing complete
tables of thermodynamic functions (such as references [l], [10],
and [102] through [120]), the abstract given here lists only the
phases (crystal, liquid, gas) to which the table applies. Unless
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otherwise stated, temperatures are given in deg K, heats in kcal
per gram-formula-weight, and entropies in cal g

- ^ deg K“^ (e.u.)

per gram-formula-weight.

In many instances reference is made to earlier compilations
of data (references [l], [2], [3], [6], [7], [8], and [9]) which
were assumed to cover adequately the prior literature. More recent
literature references were acquired by searching Chemical Abstracts .

Annual Review of Physical Chemistry , and The Bulletin of Thermo-

dynamics and Thermochemistry through the 1964 edition. References

[102] through [120] refer to tables of high-temperature (as well as

low-temperature) thermodynamic properties which have appeared in

earlier reports which together with the present report constitute
a series. Current journals were not examined except in Isolated
instances.

For a summary of the apparent data status for each class of

substance and property covered in the present chapter, the

reader is referred to Chapter B4« For similar summaries of

ARf°, AGf°, and S° of the same substances, see Chapter B3,
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Data Survey
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: A [6]

—
[10]
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[13]

Enthalpy of crystal measured to 1476°} AH^r ( 1155°) = 0.95}
AHm (l940°) = 4.46} Cp(liq.) given to 3000°} enthalpy of
gas obtained from spectroscopic data.
Tl(c,j3) vapor pressure equation for range 1200° to 2000°}

2-constant vapor pressure equation for liquid} Tm = 1933°}
T b = 3533°} Ttr = 1155°} AHm = 4.5 ±0.5 (estimated)}
AHsUbl(298°) = 111.7 ±8.0} AHtr = 0.83 ±0.1.
Tm = 1950 ±20°} AHm = 3.70 (estimated)} Cp(liq.) is

estimated} AHtr - 0*95 (measured)
} Ttr = 1155°} vapor

pressure measurements by [ll]} AHoUbl(298°) = 112.60}
Tb = 3550°} AHvap (3550°) = 102.5 (calculated).
Solid, liquid, and gas.
Measured vapor pressure by Langmuir method of the crystal
in the range 1373° to 1773°} gives a 2-constant P(t)

equation.
Crystal(a>|3) , and liquid

Gas .

Solid and gas disproportionates so extensively as to be

unimportant

.

Gas.

Estimates thermodynamic properties for gas.
Crystal and gas.

Estimates thermodynamic properties of the gas.
Gives vapor pressure equation for the crystal in the range
298° to T sub l(556°)} AHsub l(298°) = 22.9 ±0.5.
Crystal and gas.

Gas calculated to 2000° from spectroscopic data.
Gas.

Estimate for crystal to 1200°.

Estimates thermodynamic properties of the gas, and indicates
this is an important gas species at elevated temperatures.
Crystal and gas.

Crystal measured to 1002° and tabulated to 1200°.

Estimates thermodynamic properties of the gas, but indicates
it is an unimportant gas species.
Gives vapor pressure equation for the crystal from 298° to
Tm (estimated as 1003°)} Tb = 1023° (estimated} AHm = 5.0
(estimated); AHsubl( 1023°) = 33.0 (estimated).
Crystal and gas.
Reduced TiC-l^ to TiCt^ at three temperatures between 298°

and 773°} for reduction with hydrogen at 773° obtains
AH = -28.5.
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TiC£, [l] Liquid measured to 500°; gas calculated from molecular
constant data to 2000°.

[6] Gives an equation for the vapor pressure of the liquid
in the range 298° to Tb (410°); AHvap(410°) = 8.65 ±0.5.

[10] Crystal, liquid, and gas.

Til [14] Studied vapor pressure using a quartz spring manometer;
gives a 2-constant P(T) equation for the reaction
4Til(c) -+ 3Ti(c) -t* Til4 (g) at temperatures above 1073°.

[10] Gas.

Tilp [l] Crystal estimated to 1200°.

[2] Estimates thermodynamic properties of the gas 0

[6] Gives vapor pressure equation for the crystal from 298°
to 1000°; T subl = 3443°; AHsubl(298°) = 56.3 ±6.0.

[14] Studied vapor pressure using a quartz spring manometer;
gives P(T)

,

2-constant equation at temperatures greater
than 723° for a reaction involving iodides of Ti.

[10] Crystal and gas.

TU3 [l] Crystal estimated to 1200°.

[2] Estimates thermodynamic properties of the gas, but
indicates it is not an important species at high
temperatures.

[14] Measured the vapor pressure using a quartz spring
manometer; gives a 2-constant P(T) equation at temperatures
above 573° for the reaction 2Til3(c) Tilq(c) + Til^(g).

[10] Crystal and gas.

Til4 [l] Crystal and liquid estimated to 650°; gas estimated to
2000°

5
AHm (423°) = 4.18.

[2] Says the gas is partially decomposed at 713°.

[6] Gives a 2-constant vapor pressure equation for the liquid
in the temperature range 430° to 643°; Tm = 423°; Tb = 650°;

AHm = 4.2 ±0.8 (estimated); AHg-u.bl(298°) - 21.6 ±1.5.

[14] Measured the vapor pressure using a quartz spring manom-
eter; gives a 2-constant P(T) equation for the reaction
Til4 (t) Til4 (g),

[10] Crystal, liquid, and gas.

TiOF [10] Gas.

TiOFq [10] Gas.

TiOCt [10] Gas»

TiOC-tq [10] Gas.

TiO [l] Crystal measured to 1771° and tabulated to 2000°;

Htr(l264°) = 0.82; properties of the gas to 2000° taken

from [15]

o

[6] Ttr = 1264°; Tm = 2293°; AHtr = 0.82 ±0.2;
AHm = 14.0 ±2.0 (estimated)

.
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[9] Gives D0 = 127 ±23 (linear Birge-Sponer)

.

[16] By mass spectrometry measurements obtains for the reaction
2T iO ( g ) Ti(g) + Ti02 (g) that AG(298°) = 139.4 (by 2nd law)
and 148.6 (by 3rd law )

;

for the reaction
2T iO(g) -*Ti(g) v Ti02 (g) they obtain AH(298°) = 8.8
(3rd law) which with the value of D(298°) for Ti02 (g)
of [17] yields D(298°) = 162 for TiO(g).

[18] Calculated the ideal gas thermodynamic properties by a

statistical-mechanical treatment.
[10] Solid, liquid, and gas.

[105] Crystal (a, (3).

TipO , [l] Ti20o crystal measured to 1750° and tabulated to 2000°

;

Ti
30^, AKtrl473°) = 0.215.

H 5O9 ^^365 crystal measured to 1340° and tabulated to 2000°;
AHtr (450°) = 2.240.

[4] For Ti203 crystal gave Tm = 2400° and AHm = 38,4.

[ 6 ] Same Ttr and AHtr as [l] for Ti203 and H3O 5 crystals.

[19] For 11305 crystal gives Tm > 2500°.

[20] Reduced Ti02 with hydrogen and obtained AHf for Ti2 C>3 ;

gives physical and chemical properties of H
5
O9 .

[10] H2O3 solid and liquid. H3O 5 solid only.

[ 106 ] H203 crystal (a,$).

[107] H3
O
5

crystal (a,j3).

Ti02 [l] Crystal measured to 2000 °

;

rutile tabulated to 2000 °

5

anatase tabulated to 1300°.

[ 5 ] D(298°) = 315 ±5 for gas. From [16] for Ti02 gives

^vap(298°) at 139.6 (by 2nd law).

[ 6 ] Tm = 2113°, AHm = 15.5 ±2.5 (estimated).

[7] Gives AHvap (298°) is 142.7 (by 2nd law) and 148.6
(by 3rd law)

.

[10] Anatase solid only. Rutile solid, liquid, and gas.

[108] Rutile.

[109] Anatase.

TIN [l] Measured to 1738° and tabulated to 2000°.

[2] Tm = 3200°.

[22] Measured vapor pressure using a magnetically controlled
balance.

[23] A mass spectrometric study of the vapor composition showed
that TIN started to decompose at 1700 °

;

P(TiN) = 2 x 10“^

atms. at 1800 °.

[24] Steel containing Ti and N rapidly quenched from 1833 °,

1873°, and 1923° was used to determine the decomposition
of TIN; gives an equation for K(T).

[25] Gives a 2-constant equation for K(T) for the reaction:
TiAf(sol. soln.) + C TiC(sol. soln.) + ^N2 .

[10] Solid and liquid.

[102] Solid and liquid.
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TiC [1]

[2]

[26]

[27]

[10]

[103]

TiB,
TiB2

[1]

[28]

Zr [1]

[6]

[8]

[10]
[no]
[119]

ZrHx [i]

[10]

[120]

ZrF [10]

ZrF2 [10]

ZrF3 [3]

[10]

ZrF4 [6]

[30]

[31]

[32]

[10]

ZrCi [10]

Crystal measured to 1735° and tabulated to 2000°.

Tm = 3450°.
From a 3rd law treatment of mass spectrometry measure-
ments obtained AHfQ of crystal as -45.5 and
Dq ^ 127 for the gas.
Measured the decomposition pressure of TiC at 2300° using
the Langmuir method; accommodation coefficient approxi-
mately unity.
Crystal and liquid.
Solid and liquid.

TiB2 crystal measured to 977° and tabulated to 1000°.
Using mass spectroscopic data and the 3rd law, obtained
AHf° = -52 and AHsubi(298°) = 430 for TiB2 .

Crystal measured to 1371° and tabulated to 3000°

;

AHtr ( 1135°) = 0.915; AHm (2130°) = 4.9; gas tabulated to
8000° based on spectroscopic data.
Gives a 3-constant equation for the vapor pressure of the
crystal in the range 1950° to 2050°; T^j. = 1125°;

Tm = 2133°; Tb = 5023° (estimated); AHtr = 0.92 ±0.1;
AH-m = 4.6 ±0.7; AHsubl(298°) = 141.6 ±6.0.

T-tr = 1148°; Tm = 2125°; AHtr = 1.04; AHm = 4.00 (estimated)
Cp(liq.) is estimated. Only vapor pressure measurements
are those of [29]; ^iSubl( 298°) = 146.0; Tb = 4650°;
AHvap (4650°) = 139.0.
Crystal, liquid, and gas.
Crystal (a, (3) and liquid.
Crystal (a, (3).

Crystal measured to 1173° and tabulated to 800°.

Gas only.
Crystal (a+6, [3+6 , and (3).

Gas.

Crystal, liquid, and gas.

Estimated thermodynamic properties of the gas.

Crystal and gas.

Gives equation for the vapor pressure of the crystal in the

range 295° to T subi(ll81°) ;
AHsub l(298°) = 64.3 ±4.0 and

AHsub l(Tm )
= 55.5 ±3.5.

Measured vapor pressure of a-ZrF4 by the Knudsen effusion

method in the range 713° to 873°; for this temperature range

gives a 2-constant P(T) equation; AHsubl - 49.05.
Vaporization of ZrF4 studied by torsion effusion method;

gives AHsubl(298°) = 55.8; vapor is monomeric.
Enthalpy measured 300° to 1200°. Tm = 1205° ±2°;

AHm = 15.35 ±0.1.
Crystal and gas.

Gas.
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ZrCt
2 [3]

[10]

ZrCt
3

[3]

[10]

ZrCt,
4

[1]

[3]

[33]

[10]

[113]

Zrl [10]

ZrI
2

[3]

[10]

Zrl,
J

[3]

[10]

Zrl,
4

[6]

[3]

[10]

ZrO [7]

[10]

Zr°
2

[1]

[5]

[6]

[7]

[17]

[19]

[27]

[10]

[111]

Estimated thermodynamic properties of the gas.

Crystal, liquid and gas.

Estimated thermodynamic properties of the gas.

Crystal and gas.

Crystal measured to 567° and tabulated to 700°
5
gas

•estimated to 2000°.
Vapor density normal at 1393°.
Measured infrared spectra 1000 to 190 cm

-
•

Crystal and gas.
Crystal only.

Gas only.

Estimated thermodynamic properties of gas.
Crystal, liquid, and gas.

Estimated thermodynamic properties of gas.
Crystal and gas.

Gives a 4-constant equation for the vapor pressure of
the crystal in the range 298° to T sub q(704°)

;

^subl(298°) = 33.3 ±2.5.
Gas slightly decomposed at 1447°.
Crystal and gas.

Says that [34] gives D(0°) = 181 for the gas, although
one set of their equations gives D(0°) = 174 (±10?) by
a 3rd lav treatment.
Gas.

Crystal measured to 1841° and tabulated to 2000°

;

AHtr ( 14.78°) = 1.42.
D(298°) = 347 ±5 for the gas; based on the work of [34]
2hVap(298°) is 179.6 (by 2nd lav) and 179.8 (by 3rd lav)

;

free energy functions estimated to 3000°.
Gives an equation for the vapor pressure of the crystal
in the range 298° to 2290° ; Ttr = 1473° } Tm = 2993°

;

Tb - 4570°; AHtr - 1.42 ±0.1; AHsub i(298°) - 153.0 ±5.0
based on the work of [35] who measured the vapor pressure
of the crystal between 2013° and 2293°.
D(0°) = 334 ±6 for gas; for the reaction Zr02(c) - ZrOp(g)
AH(0°) = 188.2 (by 2nd lav) and 186 ±6 (by 3rd lav); a

good 2nd lav check involving Zr0b (g), Zr0(g) , and 0(g)
studied in tantalum at approximately 2300°.
Measured the enthalpy of crystal to 1173° (unpublished)

.

Apparently gives AHm = 20.8.
Langmuir evaporation at 2300°; accommodation coefficient
approximately unity.
Crystal, liquid, and gas.
Crystal (a, (3).
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ZrN,
Zr

3
N
2

[1]

[2]

(23]

[10]

[112]

ZrC [2]

[10]

ZrB2 [27]

[36]

[10]

Ilf [1]

[8]

[37]

[38]

[39]

IlfF

,

4
[1]

[3]

[40]

HfCL .

4
[1]

[6]

HfI

,

4
[1]

[3]

[41]

Ilf0
2

j
—

1
U~\

HfN [1]

[2]

[42]

ZrN crystal measured to 1672° and tabulated to 2000°.
Zr^Nq crystal measured to 773° and tabulated to 800°*
For ZrN Tm = 3255°.
Mass spectrometric study of composition of vapors from ZrN
which, was found to begin decomposing at 2073°; at 2373°
P(ZrN) = 10-3 atm.
Crystal, liquid, and gas.
ZrN solid only.

Tm = 3805°.
Crystal and liquid.

Volatilization studies by Langmuir method at 2300°

;

accommodation coefficient approximately unity.
Studied reactions ZrBp(c) pt Zr(g) + 2(3 ( g)

;

P(Zr) = 2.38 x 10“ 10 atm. at 2000°; AH = 458.3 (by 3rd law).
Crystal and liquid.

Crystal and liquid estimated to 3000°; AHm (2495°) = 5.79
(estimated); gas estimated to 3000°.
Cp estimated above 298°; AHm = 5*20 (estimated);
Tp roughly measured as 5400 which is compared to Brewer's
estimate of 5500°; AHsubl(298°) = 168.0 (estimated);
AHvap(5500°) = 158.0 (estimated).
Gives AHvap (5500°) - 155.
From effusion studies on the reaction
Hf (c) -+ Hf (g) obtains AH = 14-2 ±7.
Enthalpy of crystal precisely measured to 1346°.

Crystal estimated to 1500°; gas estimated to 1500°.

Estimated thermodynamic properties of the gas.
Measured enthalpy to 1200°.

Crystal measured to 486° and tabulated to 700°; gas

estimated to 1500°.
Tm = 705° (under pressure); T Sp.bl - 590°,
AHSubl(298°) = 26.0 (estimated)

»

Crystal estimated to 800°; gas estimated to 1500°.

Estimated thermodynamic properties of the gas.

Vapor pressure studies by a metal diaphragm technique.

HfOp crystal measured to 1804° and tabulated to 2000°.

For Hf02 Tm = 3063°.
For Hf02 estimates D(298°) = 360 ±20; free energy functions
estimated to 3000°.

Crystal estimated to 2000°.

Gives Tm = 3580°.
Studied the reaction HfN + C 4 HfC + ^Nq; gives a 2-constant

equation for P(T) in the range 1973° to 2573°

*
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HfC [ 1]

[42]

[43]

HfB
2 [38]

Th [1]

[ 8 ]

[44]

ThF
3 [3]

ThF4 [1]

ThC-t [3]

ThC [6]

TI1I3 [3]

Thl4 [6]

ThOCt 2 [45]

ThO [19]

[44]

Th°
2 [1]

[4]

Crystal estimated to 2000°.
Studied the equilibrium HfN + C 4 HfC + ^2 In the range
1973° to 2573°} gives a 2-constant equation for P(T).
Manametric study of the reaction
Hf02 + 2*9 0 4 HfCo.95 0,0 05 ± 1,95 CO in the range 1200°

to 2000°} gives AH = 132.§, and AS = 66 e.u. for the range
1750° to 2000°.

Effusion study at temperatures above 2000° for the reaction
HfB2 (c) U Hf (g) + 2B(g); gives AHq = 477.8 ±5.5.

Crystal and liquid measured to 1474° and tabulated to
3000°$ AHtr (l673°) = 0.67; AHm (l968°) = 4.50.
Tbr = 1673° (observed) ; Tm = 1968° (observed)

5

AHtr = 0.67 (estimated); AHm = 3*74 (estimated);
Cp (liquid) was estimated. States that Brewer has calcu-
lated Tb as 4500° and AH^ (4500°).

Vapor pressure of the crystal measured in the range 1757°

to 1956° by the Langmuir method; gives AHvap (298°) as

137.3 ±2.8 (by 2nd law) and 136.6 ±0.5 (by 3rd law);

believes all electronic levels of Th are knojp up to

10,000 cm
-1

;
the 16 lowest levels raise - (G2000“Hq)/T

2qoo
by only 0.7 e.u.

Estimated thermodynamic properties of the gas and believes
it to be an important species.

Heat capacity of crystal measured at 298°.

Estimated the thermodynamic properties of the gas and
believed it to be an important gas species.

Gives 2-constant equations for the vapor pressures of the
crystal and liquid in the range 974° to 1186°;

Tm = 1038°, Tb = 1195°; AHm = 22.5 (estimated);
AHvap (ll95°) = 36.5 ±4.0.

Estimated thermodynamic properties of the gas and believes
it might be an important gas species.

Gives a 2-constant equation for the vapor pressure of the
liquid in the range 856° to 1107°; Tm = 839°; Tb = 1110°;

AHjq = 8.0 ±1.0; AHvap (lll0°) = 31.5 ±3.0

The fusion diagram for ThOp-ThCly system showed ThOCtp
to exist at 980°; for the solid AHf° = -295 ±2.6 and
S° = 27 ±1.3 e.u.

Tm greater than 2500°.

For the gas gives Dq is 196 approximately.

Crystal measured to 1787° and tabulated to 2000°.

Tm - 3225°; Tb = 4670°; AHm - 291.1.
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[5] D(29S°) for the gas is 370° ±15; says that vapor pressure
data has been published by two sets of investigators, but
the assumption had to be made that the vapor contained
little ThO(g) in it; free energy functions are tabulated
to 3000°.

[6] Gives a 2-constant equation for the vapor pressure of the
crystal in the range 2000° to 2800°.

[27] Evaporation studies by the Langmuir method at approximately
2300°; accommodation coefficient approximately unity*

[46] Measured enthalpy of crystal between 1200° and 2750°*

[47] Effusion studies on the vaporization of the crystal in

the range 2268° to 2593°$ gives an equation for P(T) for
Th0

2
(c) -* Th02 (g) *

[l] Crystal measured to 773° and tabulated to 800°*

[2l] Studied vaporization and thermodynamics.

[48] Studied Th02 (c) + 4C(graphite) % ThC2 (c) + 2C0(g).

[49] Effusion pressures involving formation of ThC2 (crystal)
in the range 2100° to 2500°.

[50] Studied the thermodynamics and identification of the
species from ThC2 in range 2300° to 2700°.

[l] Crystal measured to 3655° and tabulated to 3000°
;
gas

tabulated to 3000°.

[6] Vapor pressure of crystal represented by a 4-constant
equation in the range 2000° to 3500°$ Tm = 3650° (estimated);

Tb = 5700° (estimated)! = 8.4 (estimated);

AHvap(5700°) = 183.0 (estimated).

[8] The enthalpy data on the solid as reported by three
investigators are in good agreement and have been extrapolated
to 3000°; reports that Brewer lists Tm as 3650° and
AHm = 8.42. Vapor pressure measurements have been made by
Jones, Langmuir, and Mackay; AHsubl(298°) = 200.0;
Cp of liquid estimated; Tb = 5800°; AHvap(5800°) = 191.0.

[51] Measured relative enthalpy of crystal in range 2680° to
3100° (following earlier measurements between 600° and
2600°. Claim 1.2$ accuracy at highest temperature and say
that the values reported by [52] are low by 3 to 9$ between
1300° and 2900°.

[53] Measured enthalpy of the crystal between 600° and 2300°

and claim an accuracy of ±0.6 to 0.9$.

[ 10-4] Solid only.

[10] Gas only.

[3] Estimated the thermodynamic properties of the gas.

[l] Gas tabulated to 1000° (obtained from molecular constant data).

[6] Gives a 3-constant equation for the vapor pressure of the

liquid between Tm = 273° and Tb = 290°; AHvap (290°)=6.35 ±0.5.

[54] Vapor pressure measured by a static method using a sensitive
gauge.

[10] Liquid and gas.
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w ct

WCI3

WC-l,
4L

wot

wct 6

WOF

wool/

,

W02Ct

2

WO

[3] States that gas is stable only at high temperature.

[55] AHsub ]_
= 102 (estimated) ;

AS gub q
= 43 e.u. (estimated)

.

[10] Crystal and gas.

[ 3 ] Gas is quite unstable and need not be considered.

[3] Gas is unstable with respect to disproportionation, but

is present in appreciable concentrations between 1000°

and 2000°.

[55] AHsubl = 39 ±2; AS s
.ub i = 50 ±2.

[56] For the reaction WC-t b (g) 4 WCt^(g) -i* C-f^g) AH = 47 ±2.

[10] Crystal and gas.

[3] States that this is the most important gas specie among
the tungsten chlorides.

[6] Gives 2-constant vapor pressure equations for the crystal
and liquid between 413° -and Tb ; 14 = 513°} Tb = 571°;

AHm = 4.2 (estimated); AHvap(571
0T = 12.6 ±3*0.

[55] AH8llb i = 18.5 ±0.1; ASsubl = 33. 1 ±0.7 e.u.;

AHVap = 13.6 ±1; ASvap = 23.9 ±1 e.u.

[10] Crystal, liquid, and gas.

[ 6 ] Ttr
AH,

500°; Tm = 553°; Tb = 611°; AHbr = 2.2 (estimated),
= 4.S (estimated); AHvap(6ll°) = 13.9 ±2.0,

AHsub q(553°) = 18.7 ±3.0; gives vapor pressure equations
for crystal (a and (3) and liquid in the range 425° to Tb .

[55] Various experimental methods for determining AHf and ASf.
AHf* disagrees and ASf agrees with NBS values.

^Hsubl(a) = 22.9 ±0.5; ASsub i(cc) = 38.9 ±0.5
AHsubl (|3) = 17.3 ±0.5; ASsubl (p) = 28.0 ±0.5

= U.5 ±0.5; ^ap = 23.2 ±0.5 1
[56] For the reaction WCt b (g) = WCt^(g) ± 2 C-kqvg)?

AH = 24 ±1; and for 2W0Ct4(g) = WCl 6 + W02Ct 2 ^ AH = 11 ±2.
[10] Crystal, liquid, and gas.

[54] Vapor pressure measured by a static method using a

sensitive gauge,
[10] Crystal, liquid, and gas.

[6] For WOC

T

m - 477°; Tb = 493°; AHvap (493°) = 11.5 ±2.0.

[55] For WOCl/: AHsub q = 18.3 ±0.5; ASguuq = 36.3 ±0.5
AHvap = 16.3 ±0.5; A^gp = 32.8 ±0.5.
For W02Cl 2 * AHSub i = 21 ±2; ASsub i = 29 ±2.

[ 56 ] For the reaction 2W0Ct4 (g) = WCt b (g) + W02Ct 2 (g) •

Ail = 11 ±2.

[ 10 ] W0Ct4 crystal and gas. WOqCtq crystal and gas.

[58] Using mass spectroscopic data obtains Dq as 154 ±10 for
the gas by a 3rd law treatment.

[10] Gas only.
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WO [5] Gives D(298°) = 307 ±10 for the gas* For the reaction
W(c) + 02 (g) = W02 (g) gives Ah(298°) = 9.3 (based on data
of [59]) and AH( 298 °) = 12.4 (based on data of [58a, b]),
Free-energy functions estimated to 3000°.
For the gas gives Dq = 296 ±7 (based on [58]) and
Dq = 313 ±10 (based on [59]).

[19] Gives Tm = 1543°; Tdecomp = 2125°; AHm - 11.5.
[60] Estimates free energy of formation between 973° and 1493°.

[ 6 1] WO2 crystal disproportionates to WO3 (P = 1 atm.) at 2000°.
[10] Crystal and gas.

[115] Solid only.

W^Og, [60] Standard heat of formation of W dg0^g. Phase diagram of

^18649 tungsten-oxygen system.

WO
3

[l] Op of crystal measured at 298° and estimated to 1746°.

[ 6 ] Gives a 2-constant equation for the vapor pressure of the
crystal between 1000° and Tm ; T-tr = 993°; Tm = 1746°

;

A^subl(298
0

)
= 122 (estimated).

[19] T 5 is greater than 2500°. o
[58] From mass spectroscopic data obtains AHq = 443 ±7 (3rd law)

for the reaction: W0j(g) -+W(g) + 30 (g).
[60] Gives free energy of formation of the crystal in the range

973° to 1493°.

[ 6 1] Says the pressure of oxygen over WO
3

at 2000° is negligible.
[62] From mass spectroscopic data gives: 3W03 (c) -* U^0^(g)

,

AH(l400°) =-130 ±2 (2nd law); 4W03 (c) -* W40 12 (g) ,

AR(2J,00°) =-151 ( 2nd law).
Q

[63] Gives AH2og(W02 >9o>c)
= -191; ASgqg = ^ e *u *

[64] Investigated the sublimation behavior of the tungsten
oxygen system in the range 1300° to 1600 ° by mass effusion,
mass spectroscopy, chemical analyses, and X-ray diffraction.
In all cases the thermodynamically important vapor species
are ¥40^2* W3O0 , W30g, WqO^* In contrast to [62] obtains:
3W03 (c) ^W309 (g), AH° - -107.5 ±2.3;
4W03 (c) ^W4012 (g), AH° = -123.6 ±2.2.

[10] WO3 crystal, liquid, and gas; (¥03 ) 3, gas only; (¥03 ) 4,
gas only.

[116] Crystal (a, (3) and liquid.

H^WO , [65] Studied WO3 - HqO - H2 ( 0-l atm) system,

[ 66 ] Studied the volatilization of tungsten in the presence of
water vapor to form H2¥04 ;

gives the standard free energy
of the reaction W(s) + 4HqO(g) H2W04 (g) + 3Hq(g).

[10] Crystal and gas.

¥ C, [2] ¥C crystal decomposes at 2900°.

WC [37] Gives linear equation for Cp(T) in the range 298° to 2000°

*

[67] Equilibrium studies on the reduction of ¥2C(c) and ¥C(c)

with hydrogen, and the formation of these carbides from

W(c) and C(c) at approximately 1000°; hG°(l) equations are

given.

[ 68 ] For the reaction ¥C ± COq = ¥ + 2C0, gives

AG(1215°-1266°) = -8.34 ±0.3.
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U [l] Crystal and liquid measured to 1277° and tabulated to

3000°
}
AHtr (935°) = 0.70} AHtr (l045°) = 1.145

J

AHm (l406°) = 3*25. Gas tabulated to 3000° using
soectroscopic data.

[4] Gives T b = 3300° and AHvap (3800°) = 110.

[ 6 ] Gives a 2-constant vapor pressure equation for the liquid
in the range 1630° to 1970°. Confirm transition tempera-
tures of [l]j Tm = 14-03° }

AHm = 3*0 ±0.7 (estimated).

^subl(298°) = 115.7 ±3.0

[ 8 ] Tm = 1406° ±2° veil established by three investigations.
Heat capacity of liquid estimated to be the same as the
solid at its melting point. From vapor pressure data
calculated AHsubl (298°) = 117.16, AHm = 3.70, Tb = 4200°,
and AHvap (4200°) =101.

UF [2] EstimatesTm = 1700°} Tb = 2550°; AHm = 8.5} and

AHvap (2550°) = 61.

UF, [l] Crystal measured at 298°.
4

[2] Gives Tm = 1309°} Tb = 1690°} AHm = 5.7} AHvap (l690°) = 57.5.

[69] Mass spectroscopic studies} vapor pressure equation in

range 917° to 1041°} AHsub i = 71.45 ±1.05.
[70] Gives a 3-constant equation for the vapor pressure of the

liquid in the range 1291° to 1575°} T b = 1729°,
ASvap (l729°) = 29.7 e.u. Says vapor phase consists of
non-associated molecules.

[71] Vapor pressure measured by a dynamic method in the range
1048° to 1273°. Gives tvo equations for vapor pressure
vithin this range of temperatures.

UFc, [72] Estimated T™ = 600°, Tb = 1000°, AHm = 8.0, and
U
2
Fq, AHvap (l000°) = 23.

TJ4F17 [73] Observed Tm = 621°, AHm = 11.9 ±4.2, AHvap = 24.7 ±3.8.

[74] The equilibrium disproportionation pressures of UFb over
the folloving compounds in the indicated temperature
ranges vere measured: CC-UF5 (37^-473°) ,

(B-UF^ (373°-525°)

,

U2F9 (498°-593°), and U4F17 (543°-623°) .

'

Ttr = 398° (a to p UF
5 )

.

UF/ [l] Crystal and liquid measured to 373°} Cp(c,t) given In range
298° to 370°} AHm (337.2°) = 4.59. Gas tabulated to 1000°
based on vibration spectrum studies.

[ 6 ] Gives an equation for the vapor pressure of the crystal
betveen 273° and Tsubi(330°) } Tm = 337° (under pressure)}
AHjjj = 4.59 ±0.05} AHSUb i(298°) = 11.85 ±0.1.

[75] AHsubl (0°) = 12.965.

UCt„ [l] Crystal measured to 998°, and tabulated to 1000°.

[72] Gives Tm = 1108} Tb = 2000°} AHm = 9.0} AHvap (2000°) = 41.
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UCl

.

4

[78]

[79]

UCI 5 [72]

UCt 6 [72]

[79]

UI3 [72]

[80]

UI
4

[72]

[76]

[80]

u°
2
f
2 [ 1 ]

U0Ct
2 [ 1 ]

U0
2
Cl

2 [ 1 ]

uo [81]

[ 82 ]

uo2 [ 1 ]

[4]

[5]

[ 6 ]

[81]

[83]

[84]

[85]

Crystal measured to 698° and tabulated to 700°.

Gave Tm = 863°; Tb = 1060°; AE^ = 10.3} AHvap (l060°) = 33.
Cp of solid and liquid measured; AHm = 11*938 ±0.022.
Determination of thermodynamic properties of liquid from
emf measurements. (No data in reference.)
Determination of AHm and ASm. (No data in reference*)
Vapor pressure measurements by transpiration method*

Gave Tm = 600°; Tb = 800°; AHm = 8.5; AHvap (l800°) = 18.0
(estimated).

Gave Tm = 452°; Tb = 550°; AH™ = 5.0 (estimated);
^T

ivap( 550°) = 11.0 (estimated) .

Vapor pressure measured by transpiration method.

Estimated the following! Tm = 1030°; Tb = 1700°;
AHm = 7.5; AHvap (l700°) = 40.8
Studied the reaction UI^ U UI3 ± 2^2 rang e 1097° to
1176° by the method of freezing the equilibrium states
with subsequent analysis of the dissociation products.
AHf (1136°) = 5.2 ±0.7.

Gave Tm = 779°; Tb = 1032°; AHm = 15.0; AHvap (l032°) = 30*7.
Measured Cp of solid measured in the range 380° to 723°;
AHtr (726°-778°) = 3.526 ±0.06; AHm = 5.637 ±0.1.
(See UI

3
).

Crystal measured to 425°; Cp tabulated 298° to 425°.

Cp of crystal measured at 298°.

Cp of crystal measured at 298° only.

Using mass spectroscopic studies on the reaction
2U0(g) -+U(c) u U02 (g) obtained AH(0°) = 4.4 (by 2nd law).

Vaporization studies for the reaction
U02 (c) + US(c) ^UO(g) u U0S(g).

Crystal measured to 1463° and tabulated to 2000°.

Tm = 3000° ±200.
For U02 (g) gives D(298°) = 354 ±15. Three sets of data
on the crystal gave AHvap (298°) = 143.1 (by 2nd law)

,

148.9 (by 3rd law), and 157 (from mass spectroscopy studies).
The above value of the dissociation energy was based on
AHVap(298) = 149. Free energy functions were estimated
to 3t)00°.

Tm = 2770° (estimated) ; AHsubq(298°) = 149.0 ±6.0.
Mass spectroscopic studies of reactions involving U0(g)

,

U02 (c,g) , and U03 (g)

.

Enthalpy of crystal measured to 1373°

•

Tm = 2973°.
The heat capacity of UO2 was measured in the range 433°

to 876° by direct heating with the continuous addition
of heat.

54



uo3

UN

u
3
°
8 ,W

uo

UG,
u2c3 ,

UC2 ,

UGX

Hg

[89]

[90]

[ 1 ]

[ 2 ]

[81]

[85]

[91]

[ 2 ]

[84]

[92]

[ 1 ]

[ 2 ]

[85]

[ 86 ]

[87]

[ 88 ]

[72]

[84]

[93]

[ 1 ]

[ 6 ]

[ 8 ]

Vapor-solid equilibrium studies for U-0 system*
Review of literature on phase diagram of U02-0 system.

Crystal measured to 886° and tabulated to 1000°.

Crystal decomposes at 925°

•

By mass spectrometric studies obtained AHq = 28

(by 2nd law) for the reaction 2U02 (g) -»U0(g) + U03 (g).
Measured the heat capacity in the range 392° to 673°

by direct heating with the continuous addition of heat.
Infrared spectrum, thermal stability, and other
properties of the U30g-U03 system are discussed.

Gave Tm = 2900° for UN.
Gave Tm = 2753° ±50° for UN.
Gave an equation for P^„ over crystalline UN for the

range 1406° to 3125°*

U30g crystal measured from 275° to 315°$ £p given.
Cp of U4O9 crystal measured at 298°.

Crystalline U30g decomposes at 1950°.
The heat capacity of U30g was measured. Two equations
for Cp(T) cover the ranges 373° to 593° and 673° to 873°.

Enthalpy of UoO# measured by drop calorimetry in the
range 523° to

3
1248°.

Equilibrium pressure of oxygen for U-0 system measured
tensimetrically between 1273° and 1723° • Calculated
thermodynamic functions for all phases between U02 and
U30g are presented.
Studied the equilibrium of uranium oxides between 1473°
and 2073°. At high temperatures the solid solution
U02.25 (°r U4O9 ) is stable. The existence of two phases
in the region of composition 0/u = 2.25 -2.60 was con-
firmed by X-rays. At temperatures between 1400° and
2000° gave an equation for Po p for the decomposition
UO2 . 6O U02>23 -1- 7/40 02 and gave AH°, AG° and AS°

for this reaction.

Gave the following melting points: UC(2550°), U2C3 (2700°),
and UC2 (2700°)
Tm = 2553° ±50° for UC.
An effusion study of the decomposition
UCn gb (c) = U(g) + 1.86 C(graphite) in the range 1930° to

23o5 0
j AH29g = 140.15 ±1o82.

Gave enthalpy of UC2 between 1484° and 2581°.
Modified Langmuir equilibrium study on
UGi

.

1 (c) = U(g) + 1.1 C(graphit^ around 2450°; Pxj(T) and
Pq(T) are given.

Liquid measured to 773° and tabulated to Tb (629.9°)

;

AHVap(629.9°) = 14.U.
Gave an equation for the vapor pressure of the liquid
between 298° and Tb .

Enthalpy and heat capacity of crystal and liquid taken from

[96,97]. Tb = 629.88°; AH (629.88°) = 14.137;
AHvap (298°5

>

- 14.652. [98] '"gave AHvap (Tb )
- 13.595 ±0.023

and claims a much larger gas imperfection than derived by [ 96 ]
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HgH

HgF

HgF
2

HgC-t

RgCl 2

Hgl

H^2

Pb,
Pb

2

PbH

[9] Gives D0 = 1.38 ±0.07 for Hg2 .

[10 ] Liquid and gas.

[l] Gas tabulated to 2000°K and based on molecular constant data.

[ 10 ] Gas only.

[ l] Based on molecular constant data tabulated gas to 2000°.

[10 3 Gas only.

[10] Crystal, liquid and gas.

[l] Crystal estimated to 798°. Gas tabulated to 2000° based
on molecular constant data.

[9] Gave D0 = 25 ±7.
[10 3 Gas only.

[l] Crystal estimated to 550°. Gas tabulated to 1000° based
on molecular constant data.

[6] Gave an equation for the vapor pressure of the crystal in

the range 298° to Tm (550°)

»

[10] Crystal, liquid, and gas.

[l] Crystal estimated to 563° * Gas tabulated to 2000° based
on molecular constant data.

[9] Dq = 6.9 ±1 but could be higher.
[10] Gas only.

[ 1 ]

[ 6 ]

[ 10 ]

Crystal and liquid measured and tabulated to 600°;
AHtr (403°) = 0.65; AHm (523°) = 4.50. Gas tabulated to
1000° from molecular constant data.
Gave equations for the vapor pressure of crystal and
liquid over the range 298° to Tb (627°); Tbr = 403°;
Tm = 523°; Tb = 627°; AHtr = 0.65 ±0.1; = 45 ±0.5;
Atlvap (627°) = 14.3 ±0.5; AHa_subl (298°) = 21.8.
Crystal, liquid, and gas.

[l] Crystal and liquid measured to 1273°, and tabulated to

2000°; AHm (600.6°) = 1.14. Pb(gas) tabulated to 3000°
and Pb2 (gas) tabulated to 2000° (both based on molecular
constant data)

•

[6] Gave an equation for the vapor pressure of the liquid
between Tm(600°) and Tb (2013°); AHm = 1.15 ±0.03;
AHvap (2013°) = 42.5 ±0.5; AHsubl (298°) = 46.9 ±0.7.

[8] Gives thirteen references to vapor pressure measurements,
six of which are thought to be too high. Adopted
AHs-abl(298°) = 42.80; Tb = 2024°; AHvap (2024°) = 42.88.

[9] Gave Do = 14 ±5.

[10]

Pb crystal, liquid, and gas. Pbo gas only.

[117] Crystal and liquid.

[l] From molecular constant data tabulated gas to 2000°.

[93 Gave Dq = 41 ±5.
[10 3 Gas only.
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PbF [1]

[10]

PbF
2

[1]

[6]

[10]

PbF4 [2]

[10]

PbC-t [1]

[9]

[10]

PbCt
2

[1]

[6]

[10]

Pbct
4

[10]

Pbl [1]

[10]

PbI
2

[1]

[6]

[10]

Pbl4 [10]

PbO [1]

[6]

[9]

[99]

[100]

From molecular constant data tabulated the gas to 2000°.

Gas,

Crystal measured to 307° and estimated to 1097°

*

Gives an equation for the vapor pressure of the liquid

between Tm (1097°) and Tb(l566°). For the crystal lists

Ttr = 523°} AHm = 1.9 (estimated); &Hvap (l566°) = 3B.3 ±3.0.

Crystal, liquid, and gas.

Lists a few values of the thermodynamic properties.

Gas only.

Based on molecular constant data, the properties of the

gas have been tabulated to 2000°.

Gives Dq = 60 ±9.
Gas only.

Crystal and liquid measured to 1073° and tabulated to 1000°;

AHm (771°) = 5*80.
Presents equation for the vapor pressure of the crystal

axnd liquid between 298° and Tb* Tm = 771°
} Tb = 1225°;

AHm = 5*8 ±0.3; AHsubl(298
0

) = 45*0 ±1.5}
AHvaT3 (l225°) = 30.3 ±1*2.
Crystal, liquid, and gas.

Gas only.

Gas tabulated to 2000° based on molecular constant data.

Gas only.

Crystal and liquid measured to 776° and tabulated to 1000°

;

AHm(685 0
)
= 6.01.

Gives equation for the vapor pressure of the crystal and
liquid between 298° and Tb? Tm = 685°} Tb = 114-5°}

AE^ = 6.0 ±0.6; AHoubi(298) = 41*2 ±1.5}
A*3yap(ll45°) = 24*6 ±1.0.
Crystal, liquid, and gas.

Gas only.

Crystal (red) measured to 823° and tabulated to 900°. Crystal
(yellow) measured to 923° and tabulated to Tm(ll59°)}
AHm(ll59°) = 7.00* Liquid tabulated to 1500°. Gas tabulated
to 2000° (based on calculations with molecular constant data.
Gives equations for the vapor pressures of the crystal and
liquid in the range 298° to Tb (not given)

}
Tm = 1159°}

AHm = 6.2 ±0.6} AHsubi(298°) = 65*6 ±5*0.
For the gas Dq = 76 ±9 (linear Birge-Sponer extrapolation)

»

Measured the vapor pressure in the range 887° to 1151°}
gave a 2-constant equation for the vapor pressure in this
range.
Studied the vapor pressure and gave a 2-constant equation
for the range 887° to 1043°} AHsubl(0°) = 63.98.
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Pb
90 ,

pb3°4

PbO~

[101] Studied the dissociation energies of (PbO) n (n = 1*2,3 >4)

*

(No data in reference,)

[10] Crystal (red), crystal (yellow), liquid, and gas,

[118] Crystal (yellow) and liquid,

[l] Heat capacity of Pb203 (c) and Pb30^_(c) measured at 298°,

[10] Pb304 crystal only.

[l] Crystal measured to 542° and estimated to 1000°.

[10] Crystal only.



References

[1] K. K 0 Kelley, U. S 0 Bur. of Mines, Bull. j584, 232 pp (i960).

[2] L. Brewer, L. A. Bromley, P. W Q Gilles, and N. L<> Lofgren,
Paper 6 in National Nuclear Energy Series IV, Vol. 19B,

Chemistry and Metallurgy of Miscellaneous Materials: Thermo-
dynamics, L. L. Quill (Ed.), McGraw-Hill Book Co., Inc.,
New York, 1950, p 76.

[3] L. Brewer. Paper 7 in National Nuclear Energy Series IV, Vol. 19B,

Chemistry and Metallurgy of Miscellaneous Materials: Thermo-
dynamics, L. L. Quill (Edo), McGraw-Hill Book Co., Inc.,

New York, 1950, p 193.

[4] L. Brewer, Chem. Rev. j52, 1 (1953).

[5] L. Brewer and G. M 0 Rosenblatt, Chem. Rev. 61, 257 (1961).

[6] 0. Kubaschewski and E. L. Evans, International Series of
Monographs on Metal Physics and Physical Metallurgy, Vol. 1,

3rd ed.. Metallurgical Thermochemistry, G. V. Raynor (Ed.),

Pergamon Press, New York, 1958, 426 pp.

[7] Mo Go Inghram and J. Drowart. Article in the International
Symposium on High Temperature Technology. McGraw-Hill Book Co 0 , Inco,

New York, I960, p 219

o

[8] Do R. Stull and Go C. Sinke, Advances in Chemistry Series, Vol. 18,
Thermodynamic Properties of the Elements. American Chemical
Society, Washington, D. C., 1956, 234 pp.

[9] A. G. Gaydon, Dissociation Energies and Spectra of Diatomic
Molecules, Chapman and Hall Ltd., London, 1947, 230 pp.

[10] JANAF Thermochemical Tables, The Dow Chemical Company, Midland,
Mich., I960 with quarterly supplements.

[11] J. Wo Edwards, H. L. Johnston, and W. E. Ditmars, J. Am. Chem.
Soc. 7£, 2467 (1953).

[12] J. Morrison, Natl, Symposium Vacuum Technol. Trans. 1959 ,

291 (Pub. I960).

[13] To Ishino, H. Tamura, and 0. Nakagawa, Kogyo Kagaku Zasshi 64 .

1344 (l96l)o

[143 K.Funaki, K» Uchimura, and H. Matsunaga, Kogyo Kagaku Zasshi 64 .

129 (l96lo

59



[15] National Bureau of Standards, Selected Values of Chemical
Thermodynamic Properties, Ser. Ill, 1956 a

[ 16] Jo Berkowitz, W a A. Chupka, and M 0 G. Inghram, J. Phys 0 Chem 0

61, 1569 (1957).

[17] Ao Co Victor and T. Bo Douglas, Bullo of Thermodynamics and
Thermochemistry, No. 7, IUPAG, 1964* p 62,

[18] Do Papousek, Trans. Faraday Soc. j57, 884 (1961).

[19] A. Glassner , U.S Q AEC ANL-5750 , 70 pp (1957).

[20] V. A. Reznichenko, F. B. Khalimov, and T. P. Ukolova, Titan i ego
Splavy, Akad. Nauk S.S.S.R., Inst. Met. 1963 . No 0 9* 42.

[21] R. A. Kent, Diss. Absts 0 2j5, 89 ( 1964)

o

[22] L. H. Dreger, Diss. Absts 0 22, 3423 (1962) a

[23] P. A. Akishin and Yu 0 S Q Khodeev* Zhur a Neorgo Khim. 7, 941 (1962) 0

[24] A. Adachi, K. Mizukava, and K. Kanda, Technolo Repto Osaka
Univ. 12, 419 (1962).

[25] K 0 Io Portnoi and Yu a V Q Levinskii, Zhur. Fiz. Khim 0 ,37, 2627 (1963).

[26] W. A. Chupka, J 0 Berkouitz, C Q F 0 Giese, and M. G 0 Inghram,
J. Phys. Chem. 62, 611 (1958).

[27] E. Go Wolff and C. B. Alcock, Trans. Brito Ceram. Soc. 61 .

667 (1962).

[28] P 0 0o Schissel and 0 o C. Trulson, J Q Phys. Chem. 66, 1492 (1962).

[29] G. Skinner and H. L. Johnson, Bull, of Thermodynamics and Thermo-
chemistry, Noo 7, IUPAC, 1964, p 64 .

[30] N. P. Galkin, Yu. N. Tumanov, V. I. Tarasov, and Yu. D Q Shishkov,
Zhur. Neorg. Khim. 8, 2021 (1963).

[31] D. L. Hildenbrand and L. P 0 Thread, U. S. Dept. Comm., Office
Tech. Servo, AD-258,410, 24 pp (1961).

[32] R. A. McDonald, G. C. Sinke, and D. R Q Stull, J Q Chem. Eng.
Data 7, 83 (1962).

[33] J® K. Wilmshurst, J. Molo Spectroscopy j5, 343 (i960).

[34] W. A. Chupka, J. Berkowitz, and M. G. Inghram, J. Chem. Phys.
26 , 1207 (1957).

60



[35] M. Hoch, N. Nakata, and H c L. Johnston, J. Am. Chem. Soc. 76,

2651 (1954).

[36] J. Mo Leitnaker and W c G. Witteman, J. Chem. Phys. ^6, 1445 (1962).

[37] G. E. Wicks and Fo E. Block, U.S Q Bnr. Mines, Bull. 605 .

146 pp (1963)

•

[38] M. C„ Krupka, UoS. AEG LA-2611, 137 pp (1962).

[39] Do T. Hawkins, M. Onillon, and R. L 0 Orr, J. Chem. Engo Data 8,

628 (1963).

[40] Co E 0 Kaylor, G. E. Walden, and Do F. Smith, J. Am 0 Chem. Soc.

81, 4172 (1959).

[41] F 0 D. Stevenson, Diss 0 Absts. 2£, 5610 (1963).

[42] K. Io Portnoi and Yu. Vo Levinskii, Zhur. Fiz, Khimo £7, 2467 ( 1963 ).

[43] V.P.I. Zhelankin, V. S. Kutsev, and B 0 F. Ormont , Zhur. Fiz.
Khim. 21, 2608 (1961).

[44] Ao Jo Darnell, W 0 A. McCollum, and T. A. Milne, J. Phys 0 Chem.

64 , 341 (I960)o

[45] K.-F. Yen, S 0-G. Li, and G 0 I. Novikov, Zhur. Neorg. Khim. 8,

89 (1963)

a

[ 46 ] M. Hoch and H. L. Johnston, Bullo of Thermodynamics and Thermo-
chemistry, No. 7, IUPAC, 63 (1964).

[47] A. G. Darnell and W. A. McCollum, U.S. AEC NAA-SR-6498 . 18 pp,
( 1961).

[48] No W. Gregory, Bull, of Thermodynamics and Thermochemistry, No. 7,
IUPAC, 94 (1964)o

[49] H. A. Eick, Bull, of Thermodynamics and Thermochemistry, No. 7,
IUPAC, 89 (1964)o

[50] U. Merten, J. Norman, H e Lonsdale, W. E. Bell, P. Winchell,
H. Staley, M c Tagami, J. Graves, R. Inyard, and M. Kirkbride,
Bull, of Thermodynamics and Thermochemistry, No. 6, IUPAC,
77 (1963)o

[51] V. A. Kirillin, A. E 0 Sheindlin, V. Ya. Chekhovskoi, and
V. A. Petrov, Zhur. Fiz. Khim. 37. 2249 (1963).

[52] M. Hoch and H. L. Johnston, J c Phys. Chem. 64 , 855 (1961).

61



[53] V. Ya» Chekhovskoi, Bo Ya. Shumyatskii, and K. A 0 Yakimovich,
Inzhenero Fiz. ZhuTe, Akad 0 Nauk Belorus. S 0 S.R. No. 6,

43 ( 1962 ).

[54] Go H. Cady and G. B. Hargreaves, Jo Chem* Soc. 1961 . 1563.

[55] S. A. Shchukarev, G. I. Novikov, Io V. Vasil’kova, A. V Q Suvorov,
N. V. Andreeva, B. N. Sharupin, and A. K. Baev, Zhur. Neorg.
Khimo £, 1650 (I960).

[56] S. A. Shchukarev and A. V. Suvorov, Zhuro Neorgo Khim. 6, 1488 (l96l) a

[57] Jo Drowart, G 0 Demaria, R* P. Burns, and M. G. Inghram, Jo Chem.

Phys 0 J2, 1366 (1960)o

[58] Go DeMaria, R. P. Burns, J. Drowart, and M. G. Inghram, J. Chem.

Phys. 22 , 1373 (I960).

[59] W. A. Ghupka, J. Berkowitz, and C. F. Giese, J. Chem. Phys Q 30 .

827 (1959).

[60] G. R» St. Pierre, W. To Ebihara, M. J. Pool, and R„ Speiser,
Trans. AIME 224, 259 (1962).

[61] E. G. King, Wo W c Weller, and A. V. Christensen, Jr Q , H.S 0 Bur.

of Mines, Rept. Invest o 5664 . 27 pp (i960)

[62] J. Berkowitz, W. A. Chupka, and M. G. Inghram, J. Chem. Phys. 27,

85 (1957)o

[ 63 ] J. Bousquet and Go Perachon, Gompt. rend. 256 . 694 (1963).

[64] Re J. Ackermann and E. G. Rauh, J. Phys. Chem. 67, 2596 (1963)

[ 65 ] 0. Glemser and H. Ackerman, Z. anorgo u» allgem. Chem. 325 .

281 (1963).

[66] Go R. Belton and R. L. McCarron, J. Phys. Chem. 68, 1852 (1964).

[67] Vo Io Alekseev and L. A. Shvartsman, Izvesto Akad. Nauk S.S.S.Ro,
Otdel, Tekho Nauk, Met. i Gorn. Delo 1963 . No 0 1, 91*

[68] M* Gleiser and J. Chipman, Trans. AIME 224 . 1278 (1962).

[ 69 ] P. A. Akishin and Yu. S e Khodeev. Zhur 0 Fiz 0 Khim. 1169 (1961).

[70] So Langer and F. F 0 Blankenship, J. Inorg. Nuclear Chem. 14 .

26 ( I960 (

.

[71] M. Mo Popov, F. A. Kostylev, and N. V. Zubova, Zhur. Neorg.
Khimo 4, 1708 (1959).

62



[72] L. Brewer, L. A 0 Bromley, P. W. Gilles, and N. L. Lofgren,

U C S. AEC, MDDC- 1543 . 84 pp (1945)

o

[73] A 0 S 0 Wolf, J. Co Posey, and K. E c Rapp* UoS. AEC, K- 1448 ,

21 pp (I960).

[74] P. A. Agron, U.S. AEC, T ID- 5290 , book 2, 610 (1958).

[75] B. Weinstock, E. E 0 Weaver, and J. G. Malin, Jo Inorg. Nuclear
Chem. 11, 104 (1959).

[76] Mo M. Popov, G. L. Gal'chenko and M. D. Senin, Zhur. Neorg.
Khim, 4, 1241 (l959)o

[77] A. Kisza, Bull. Thermodynamics and Thermochemistry, No c 7,

IUPAC, 15 (1964).

[78] W. Trzebiatwoski and A. Bogacz, Bull. Thermodynamics and Thermo-
chemistry, No. 7, IUPAC, 114 (1964)o

[79] 0. Johnson, T. Butler, and A. S. Newton, U 0 S. AEC, TID-5290 ,

book 1, 1 (1958) «,

[80] Mo Mo Popov and M. D. Senin, Zhur* Neorg. Khim 2, 1479 (1957).

[81] W. A. Chupka, Argonne National Laboratory Rept. 5786 . 73 (1957) 0

[82] R. J. Thorn, R. J. Ackermann, E. D. Carter, H. A0 Eick,
R. Faircloth, E. Plante, and E. G. Rauh, Bull. Thermodynamics
and Thermochemistry, No. 6, IUPAC, 73 (1963)

•

[ 83 ] A. Cabbage, F c H. Welsh, and J. B. Trice, U. S. Dept. Comm.,
Office Tech. Serv., RB Rept. 162.012 . 11 pp (1949)

»

[84] H. Wo Newkirk, Jr. and J. L. Bates, U 0 S 0 AEC, HW-59468, 5 pp (1959).

[ 85 ] M. M. Popov, Go Lo Gal’chenko, and M. D 0 Sevin, Zhur. Neorg,
Khim. 2, 1734 (1958).

[86] H. Powers, F 0 Welch, and J. B. Trice, U, S. Dept. Comm 0 , Office
Tech, Serv,, PB Rept. 162.011 . 16 pp (1949).

[87] L. E 0 Roberts and A. J. Walter, Jo Inorgo Nuclear Chem. 22,
213 (1961).

[88] A. Mo Anthony, R. Kiyoura, and T. Sata, Comp. rend. 255 . 1606 (1962),

[89] Co A. Alexander, Diss 0 Absts. 22, 3864 (1962).

63



[90] C. A* Alexander and T. S. Shevlin, U.S. AEC, TID-7622* 139 (1962)*

[91] H. R. Hoekstra and S* Siegel, J* Inorg, Nuclear Chem. 18* 154 (1961)*

[92] W* Mo Olson and R* No R* Mulford, J. Phys. Ghem* 67, 952 (1963).

[93] J. M. Leitnaker and W. G. Witteman, J. Ghem. Phys. 1445 (1962).

[94] L. S. Levinson, J. Chem. Phys. 38. 2105 (1963).

[95] P* A. Vozzella, A. D* Miller, and M. A. DeCrescente, U.S 0 AEC,
PWAC-378. 51 pp (1962)*

[96] R* H. Busey and W, F. Giauque, J. Am. Chem* Soc. 75

»

806 (1953)*

[97] T. B. Douglas, A. F. Ball, and D* C* Ginnings, J. Res. Natl. Bur*
Standards 46 , 334 (1951)

•

[98] A. F. Beale, Diss* Absts. 21* 295 (1953).

[99] A. P. Belykh and An. A. Nesmeyanov, Fiz.-Khim* Osnovy Proizv*
Stall, Akad. Nauk S.S.S.R., Inst. Met*, Tr* 5~oi [Pyatoi] Konf.
1959 . 342 (Publ. 1961).

[100] A. N. Nesmeyanov, L. P. Firsova, and E. P* Isakova, Zhur. Fiz*
Khim. 24, 1200 (i960)*

[101] Jo Drowart and P. Goldfinger, Bull* Thermodynamics and Thermo-
chemistry, No* 7, IUPAC, 1 (I964).

[102] Preliminary Report on the Thermodynamic Properties of Selected
Light-Element Compounds, Natl* Bur, Standards Rept. 6645

>

(January I960, amended April I960). Table 2-32*

[103] Preliminary Report on the Thermodynamic Properties of Selected
Light-Element Compounds* Natl. Bur. Standards Rept* 6928*
(July I960). Table 13-38.

[104] Ibid* Table B-40.

[105] Preliminary Report on the Thermodynamic Properties of Selected
Light-Element Compounds, Natl. Bur. Standards Rept. 7093 *

(January 1961), p 231.

[106] Ibid, p 233.

[107] Ibid, p 235.

[108] Ibid, p 237.

64



[109] Ibid, p 239.

[110] Ibid, p 241*

[111] Ibid, p 248.

[112] Ibid 0 p 250.

[113] Ibid* p 252.

[114] Preliminary Report on the Thermodynamic Properties of Selected
Light-Element Compounds, Natl, Bur 0 Standards Rept. 7587 ,

(July 1962), p 137.

[115] Ibid, p 139a

[116] Ibid, p 141.

[117] Ibid, p 156o

[ 118] Ibid, p 1580

[119] Preliminary Report on the Thermodynamic Properties of Selected
Light-Element Compounds, Natl. Bur 0 Standards Rept, 8186 ,

(January 1964), p 154.

[120] Ibid, p 156



Chapter B2

A LITERATURE SURVEY OF THE HIGH-TEMPERATURE
THERMODYNAMIC PROPERTIES OF BARIUM, CALCIUM,

CHROMIUM, AND IRON AND THEIR COMPOUNDS
WITH LIGHT ELEMENTS

by H. W. Flleger, Jr.

Introduction

Iron and chromium have some importance as minor components of
certain chemical-rocket systems. Calcium and barium (together with
the alkali metals, which have been reviewed more extensively else-
where) have relatively low first ionization potentials, and so, if

present in small amounts, even as impurities, can contribute signi-
ficantly to the free-electron concentration at high temperatures.

The present chapter constitutes a non-critlcal, fairly up-to-date
literature survey (from approximately 1940 through 1964) of the high-
temperature thermodynamic properties of barium, calcium, chromium,
and iron and their important light-element compounds, and of a scope
very similar to that of Chapter B1 for certain other heavy metals
and their compounds. The survey covers and is limited to Ba, Ca,

Cr, Fe, and their hydrides, oxides, fluorides, chlorides, nitrides,
carbides, borides, borates, and aluminates. Information was found
and Is included for a few compounds containing more than one of the
elements 0, F, and C-lj but condensed-phase 0-H compounds were
omitted because of thein instability at temperatures above a few
hundred degrees. The properties covered are the same as in
Chapter Bl: hlgh-t emperature enthalpy, heat capacity, heats and
temperatures of phase changes, vaporization equilibria — and also
gas dissociation energies. Omitted in general are low-temperature
and reaction calorimetry, as well as absorption and emission
spectroscopy. Unless otherwise stated, temperatures are given in

deg K and heats in kcal per gram-formula-weight.

No claim can be made for complete literature coverage. The
sources examined systematically were the chemical formula-property
indices for the past several years in Annual Review of Physical
Chemistry and The Bulletin of Thermodynamics and Thermochemistry
(through the 1964 issues). An additional source examined system-
atically was the files, on published thermodynamic properties of
all inorganic substances, maintained in the Thermochemistry
Section of the National Bureau of Standards. It Is estimated that
these files covered the published literature up to October or

November 1964 at the time that the present survey was made. There
is a number of excellent compilations which were not specifically
included here but which may be consulted for the earlier literature
(see particularly references [l], [2], [3]j [6], [7], [8], and [9]

of Chapter Bl)

.
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Data Survey

Ba [85]

[97]

[178]

BaO [15]

[ 21 ]

[ 22 ]

[29]

[32]

[33]

[48]

[53]

[83]

[91]

107]

108]

[ 112 ]

[1U]

[ 123]

[147]

[165]

[ 168 ]

Ba0 9 [7]

[ 102 ]

[165]

Ba
2
0 [83]

Ba
2
0
2 [83]

Measured the heat content and reported the mean heat

capacities for the crystal and liquid} Tm determined.
Free energy functions of Ba as an ideal monatomic gas
are calculated for the range 0 to 8000°K.
Measured the pressure of Ba over the equilibrium
4BaO + 2Al = 3Ba + BaO'AlpC^.

Measured the vapor pressure by Knudsen method between
1526° and 1800°K.
Gave the dissociation energy of BaO gas.
Calculated the free energy function for BaO gas between
298° and 3000°K.
From literature values calculated the binding energy,
dissociation energy and heat of sublimation.
By mass spectrometry obtained the dissociation energy
and heat of vaporization.
Obtained dissociation energy by mass spectrometry.
Calculated entropy at 1200° and 1600°K.
Phase diagram of CaCt 2“Ca system. Heat of fusion of
CaC-lp reported.
Mass spectrometry study on the vapor from Ba0(c) in a

Knudsen cell in the range 1500° to 1800°K.
Gave a two-constant equation for estimating the heat
capacity.
Experimental heat content in range 298° to 1299°

•

Gave dissociation energy.
Measured heat of formation from elements.
Reevaluated vapor pressure, mass spectrometry, and flame
photometry data to obtain "best” values for the
dissociation energy and heat of sublimation.
Studied effusion of BaO from Knudsen cell. Used radio-
active Ba to determine weight change. Gave an equation
for vapor pressure in the range 1100° to 1500°K.
Determined the heat of sublimation and vapor pressure
in the range 1173° to 1473°K.
Review paper on the thermodynamic properties of Ba compounds.
Calculated the thermodynamic functions over the range
300° to 3500°K. Used RRH0 plus excited states approximation.

1
Measured the decomposition pressures for Ba02

-* BaO + ^2°
Measured heat of decomposition.
Review paper on the thermodynamic properties of barium
compounds

.

From Knudsen cell-mass spectrometry study obtain the heat
of decomposition for Ba20(g) -+ Ba0(g) + Ba(g).

From a mass spectrometric study on the effusion from a

Knudsen cell containing Ba0(c) obtained the heats associated
with the reactions 2BaO(c) -*-Ba202(g) and Ba202(g) 2BaO(g) .
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BaH [168] Calculated the thermodynamic functions for the gas in the
range 300° to 3500°K using an anharmonic RRHO plus excited
states model.

BaH^ [165] Review paper on the thermodynamic properties of barium
compounds.

BaF [ 16] ,[18] , [ 52] From mass spectrometry data obtained the
dissociation energy of BaF, and the heats of reaction
and equilibrium constants for
Ba(g) + AlF(g) = BaF(g) + Al(g) and
Ba (g) + BaF2 (g) = 2BaF(g).

BaF
9

[70],[7l] Mass spectrometric study of vaporization. Vapor
pressure in the range 1232° to 1505°K and the heat of
sublimation were reported.
Investigated the heat, entropy, and free energy associated
with the reaction HF(g) + ^-BaC-t 2 (s) = -§BaF2 (s) + HCt(g)
at 755°K.
Calculated the thermodynamic functions for the gas in the
range 298° to 2500°K using a RRHO approximation.
Heat and temperature of fusion obtained from the freezing
point depression studies on NaF-BaF2 solutions.
Determination of melting point.

Calorimetrically determined the heats and entropies of
fusion and transition, the heat content of solid at the

melting point, and the heat capacities of the solid and

liquid in the vicinity of the melting and transition
temperatures.

Using a drop calorimeter determined the heat and entropy
of fusion and transition.
As part of phase equilibrium studies on PuC-^-BaC^ system,
determined freezing point of BaCt2»
Calculated the thermodynamic functions for the gas between
298° and 2500°K using an RRHO approximation.
Measured the vapor pressure using the boiling point method
in the range 1588° to 1710°K.
Reported heat capacity data in the range 443° to 973°K.
Measured the temperatures of transition and fusion by a

differential thermal analysis method.

Using the Knudsen effusion method measured the pressure
of Ba over BaC2 +* C.

Measured the equilibrium pressure of Ba over the equilibrium
BaC2 = Ba + 2C.

Equilibrium studies on the Ba0-B203 system. Melting point
reported.

BaO»nB20o [109] Phase equilibrium study on the Ba0-B203 system. Melting
points reported for BaO»4B203 , BaO* 2B203 , BaO*B203 ,

and 3Ba0 *B203 «

[80]

[ 100 ]

[131]

[135]

BaCl
2 [49]

[84]

[ 86 ]

[ 100 ]

[124]

[134]

[ 136 ]

BaC
2 [79]

[176]

Ba0-B203 [87]
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BaO°nAt 0 [159] Melting points reported for BaO»6A-l203> BaO®A-l203 ,

and 3BaOAi203*

[178] Pressure of Ba measured over the equilibrium
4BaO -t* 2Al = 3Ba + BaO*At203 » Heat, entropy, free energy,
and equilibrium constant reported.

Ca [46] Measured vapor pressure by Knudsen method in the range
800° to 920°.

[85] Reported heat content for liquid. Heat of fusion and mean
heat capacity are given.

[93] Review of thermodynamic data for crystal, liquid, and gas
from 298° to 2000°K. Vapor pressure of crystal and liquid
reviewed.

[95] Using a drop calorimeter, measured the heat content of a

high purity sample between 487° and 1283°K 0

[97] Calculated the free energy functions of Ca as an ideal
monatomic gas over the range 0° to 8000°K.

[115] Transitions in crystalline Ca shown by means of Debye-
Scherrer photographs.

[116] Differential thermal analysis measurements on the Ca-Zn
system. Determined melting point of Ca.

[130] Fusion and transition temperatures determined by thermal
analysis method.

[132] Using an effusion method obtained the pressure of Ca in

the range 1423° to 1473°K over the reaction
4CaO -r 2Al = 3Ca + Ga0°Al20^ o

[135A] Measured the vapor pressure by a Knudsen effusion method
using radioactive tracers.

[150] Vapor pressure measured by a Knudsen effusion method in
the range 844° to 965°K»

[151] Effects of impurities on the crystallographic modifications
of Ca determined by X-ray diffraction.

[152] Allotropic forms of Ca studied by X-ray diffraction.

[153] Vapor pressure measured by a Knudsen effusion method in

the range 730° to 965°K 0 Values obtained for the sigma
function constants*

[158] A Knudsen method was used to obtain the vapor pressure in
the range 801° to 877°K.

CaO [9] Determined the heat of sublimation from mass spectrometry
studies over the range 2165° to 2259°K.

[12] Mass spectrometric Knudsen cell studies were made on the
rate of vaporization of CaO as a function of temperature.
Heat of vaporization reported.

[21] Gave the dissociation energy for Ca0(g) = Ca(g) -
1- 0(g).

[22] Free energy function calculated for the gas in the range
298° to 3000°K.

[29] From literature values calculated the binding energy,
dissociation energy and the heat of sublimation.

[32] From some CaO in a sample of CaS were able by mass
spectrometry to measure the dissociation energy and heat
of vaporization in the range 2180° to 2386°K.
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Ca02

CaH

CaH
2

CaF

0aF
2

[33] Determined the dissociation energy from a mass
spectrometry study*

[47] By mass spectroscopic studies on a Knudsen cell determined
the appearance potential*

[8l] Measure the heat of combustion of Ga.

[96] Determined the heat of oxidation.

[107] Reported the heat content over the range 560° to 1200°K.

[114] Reevaluated mass spectrometry, vapor pressure, and flame
photometry data to obtain the "best" values for the heat
of sublimation and dissociation energy*

[128] Melting point reported*

[143] Melting point reported.
[165] A review paper on the thermodynamic properties of Ca compounds.

[166]

, [167] From measurement of the dissociation equilibrium in

Ca + 02 flames at approximately 3000°K, gave the dissociation
energy and equilibrium constant for CaO = Ca -HD.

[168] Calculated the thermodynamic functions for the gas in the
range 300° to 3500°K using an anharmonic RRHO approximation
with excited states*

[178] Measured the pressure of Ca over the reaction
6CaO + 2At = 3Ca f 3Ca0*Al 203 .

[165] A review of the thermodynamic properties of calcium compounds.

[168] Calculated the thermodynamic functions in the range 300°

to 3500° using RRHO model with excited states and anharmonic
corrections*

[38], [39] Measure the equilibrium pressure of hydrogen over the

CaH2-Ca system.

[130] An allotropic transformation was found by thermal analysis*
[160] Measured the decomposition pressure.

[ 165 ] A review paper on the thermodynamic properties of calcium
compounds.

[l6] , [ 17] , [ 18] From mass spectrometric studies determined the
dissociation energy of CaF, and reaction heats for
Ca(g) v AtF(g) = Al(g) + CaF(g) and Ca(g) v CaF2 (s) = 2CaF(g)

.

[17] A vacuum microbalance and mass spectrometer were used to
determine sublimation pressures and heats of sublimation
for CaF2 (s) over the range 1242°-1669°K.

[42] Heat, entropy, and temperature of fusion measured by a

cryometric method*
[70] Mass spectrometric study on the effusion from a Knudsen

cell. Vapor pressure and heat of sublimation were determined.

[77] Compared the entropy of gas derived from vapor pressure
and condensed-phase data to that calculated from molecular
constant and spectroscopic data.

[ICO] Calculated the thermodynamic functions in the range 298°

to 2500°K using a RRHO approximation.
[ill] Phase studies and melting point determination.
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CaCl
2

CaC
2

[122] Determined the heats and temperatures of transition and

fusion.
[131] From the freezing point depression of NaF-CaF2 solutions

determined the heat and temperature of fusion Q

[135] Melting point determination.
[I45 ] Measured the vapor pressure in the range 1400° to 1850°K

by the torsion effusion method. Heat of sublimation and
boiling point are given.

[13] Vapor pressure measured by the Langmuir method and heat

of sublimation determined.

[26] >.[53] Phase studies. Melting point and heat of fusion reported,

[49] Calorimetrically determined the heat and entropy of fusion,
and the heat capacities of the solid and liquid in the

vicinity of the melting point.

[60] Measured the vapor pressure by the boiling point method
in the range 1323° to 1673°K»

[77] Compared the entropy derived from vapor pressure and

condensed-phase data to the entropy derived from molecular
constant and spectroscopic data.

[78] Using the Knudsen method measured the vapor pressure in

the range 1110° to 1281°K. Calculated the heat of
sublimation.

[86] Determined the freezing point by thermal analysis.
[IOO] Calculated the thermodynamic functions for the range

298° to 2500°K using the RRHO approximation.
[118] Reported the heat content in the range 298° to 1667°K

and determined the heat of fusion. Other thermodynamic
properties were derived.

[124] Measured the vapor pressure using the boiling point method
in the range 1591° to 1701°.

[149] Measured the heat of chlorination of Ca directly at 293°K.
[I69 ] Using the Knudsen method determined the vapor pressure in

the range 886° to 998°K.

[20] Review of the literature on polymorphism of CaC2 *

[89] Preparation and melting point.
[113] Measured the pressure of Ca over the dissociation

CaC2 (c) -v Ca(g) + 2C(s).
[119] Used a drop calorimeter to measure the heat content and

heat of tetragonal to cubic transition.
[176], [177] Measured the pressure of Ca over the dissociation

CaC2 (c) Ca(g) -f C2 (s)

.

mCa0°nB
2
0 [94] Calorimetrically measured the heat contents of 3 Ca0 «B203 ,

2CaO*B203 , Ca0 »B203 , and CaO*2B203 from 298°K to above
their melting points. Heats of fusion, heat capacities
and melting points were derived.

mCaO*nAt203 [19] Reported the heat contents of 3 CaO°At 203 (298° to 1800°K)

,

12CaO« 7At203 (29^ to 1700°K) , and CaO*Al203 (298° to 1800°K)

.
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Cr

CrO

Cr02

[2] Measured the vapor pressure by a torsion effusion method
over the range 1376° to 1592°K<»

[ 5 ] Determined the heat capacity between 273° and 1073°K by
adiabatic calorimetry*

[28] Obtained vapor pressure and heat of evaporation from open
surface in vacuum,

[55] Vapor pressure measurements,

[67] Calculated the thermodynamic functions from 298° to 6000°K
for the ideal gas,

[74] Measured the vapor pressure in the range 1273° to 1373°K,
Heat of vaporization reported,

[82] Measured vapor pressure by Knudsen method between 1373°

and 1573°K.

[103] The vapor pressure was measured using the Knudsen method
for the range 1443° to l670°K, Heats and entropies of
sublimation and vaporization, melting and boiling points
were given,

[110] Using an ice calorimeter the heat content and heat capacity
was determined between 291° and 1922°K,

[133] Measured the vapor pressure by the Knudsen method,

[155] Measured the vapor pressure between 1283° and 156l°K.
Thermodynamic functions were given,

[170] Measured the vapor pressure in the range 1373° to 1673°K
using the Knudsen method,

[171] Using a Knudsen cell with radioactive tracers measured
the vapor pressure between 1373° and 1573°K.

[l] Measured Pcr/Pcr2 1909°K and obtained the upper limit
for DQ(Cr2 )

.

[90] Used a combined effusion and mass spectrometry technique
to estimate the dissociation energy.

[21] Gave the dissociation energy.

[22] Free energy function calculated for the gas in range
298° to 3000°K.

[67] Calculated the thermodynamic functions for the ideal gas
between 300° and 6000°K.

[72] From a mass spectrometric study on Cr203 vaporization
obtains the dissociation energy of CrO.

[2l] Gave the dissociation energy.

[30] Calculated the free energy function to 3000°K assuming
a linear symmetrical molecule.

[67] Calculated the thermodynamic functions for the ideal gas
between 300° and 6000°K.

[72] From a mass spectrometric study on the vaporization of
Cr203 obtained the dissociation energy of Cr02 ,

[104] Studied the decomposition pressure in the range 723° to

823°K for the reaction 2Cr02 Cr203 (c) + •

[12l] Calculated the thermodynamic functions between 200°

and 2000°K for the ideal gas.
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Cr0
3

[6]

[65]

[67]

[72]

[121]

Cr2°3 [66]

[67]

[72]

[73]

[76]

[112A]

[143]

[173]

CrH [67]

CrF [67]

CrF2 [157]

CrF
3 [157]

CrF^ [50]

CrOF2 [101]

CrC>2F2 [54]

CrCt [67]

CrC^2 [67]

[105]

[148]

CrCi3 [67]

CrO ct [67]

Vapor pressure measurements.
Measured the vapor pressure by the transport method over

the range 448° to 468°K. Derived the heats of sublimation,

vaporization, and fusion.
Calculated the thermodynamic functions for ideal gas

between 300° and 6000°K.
From a mass spectrometric study on the vaporization of

Cr203 obtained the dissociation energy of CrO^.

Calculated the thermodynamic functions of the ideal gas

between 200° and 2000°K.

Measure the heat of combustion of Cr at 298°K.

Calculated the ideal gas thermodynamic functions,.

The vaporization of Cr203 under neutral and oxidizing

conditions were investigated using mass spectrometric
methods. The principal gaseous species are Cr, CrO,

Cr02, 0, and
Determination of high temperature heat content.
Measured the equilibrium pressure of CO over the reaction
of Cr203 with Cr23C£> and ^703.
Measured the heat of combustion of Cr in 02*
Melting point reported.
Studied the sublimation of Cr203 using a Langmuir free
evaporation method in the range 1597° to 1821°K.

Calculated the thermodynamic functions for the ideal gas
between 300° and 6000°K.

Calculated the ideal gas thermodynamic functions between
300° and 6000°K.

Melting point reported.

Melting point reported.

Melting point reported.

Melting point determined.

Preparation and sublimation point.

Calculated the thermodynamic functions for the ideal gas
in the range 300° to 6000°K.

Calculated the thermodynamic functions for the ideal gas
in the range 300° to 6000°K.
Melting point determined.
Determined the melting point.

Calculated the ideal gas thermodynamic functions between
300° and 6000°K.

Calculated the thermodynamic functions between 300° and
6000°K for the ideal gas.
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Cr0
2
FCl

Cr
2
N

Cr3 G2

CrqC^

Cr23°6

CrB

CrB2

Fe

[59] Obtains the equilibrium constant for the reaction
Cr0

2
F
2
+ Cv0

2
Cl

2
2Cr02FCt

»

[140] Measured the dissociation pressure between 1229° and
139S°K.

[ 146 ] Studied the solid solution of nitrogen in chromium between
1173° and 1673 °K.

[ 6 1] Measured the dissociation pressure between 1908° and
2237°K in a Knuds en apparatus,

[92] Reported the high temperature thermodynamic properties.
[129] Measured the heat content to high temperatures.

[92] Reported the high temperature thermodynamic functions.

[3] Studied the reduction of Cr^C^ by hydrogen. Gave
equilibrium constant.

[117] Reported high temperature heat content.

[23] Reactions with nitrogen and graphite studied.
[117] Reported high temperature heat content.

[4] Heat content measured between 300° and 1433°K. Tempera-
tures and heats of transition and fusion reported,,

[ 8 ] Heat capacity determined to 1223°K. Temperature and
heat of a to y transition was given.

[2l] Reported the heat of sublimation.

[28] Obtained the vapor pressure and heat of evaporation and

99»99% pure Fe.

[41] Thermodynamic functions for the liquid and two crystalline
states were calculated using literature data for the
range 298° to 2000°K.

[45] Using original and literature data reported the heat
capacity, heats and temperatures of transition.

[51] Measured the vapor pressure between 1356° and 1519°K.

[ 56 ] Reviews literature data on Fe-P, Fe-S, and Fe-C systems
and proposes values for the heat of fusion and melting
point •

[62] Calorimetric study on the Fe-C system. Obtained the heat
of the austenite to pear lit e transition in iron.

[68] Measured the vapor pressure by an effusion method.

[74] Measured the vapor pressure by a modified Langmuir free
evaporation method <>

[93] Review of the heat content and entropy data for the
crystal and liquid between 298° and 2000°K.

[97] Free energy function for the ideal monatomic gas calcul-
ated between 0° and 8000°K.

[98] Using radioactive iron as a tracer in a Knudsen apparatus

determined the heat of sublimation.

[99] Measured the vapor pressure by the Knudsen method employ-

ing radioactive tracers.
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[120]

[125]

[126]

[138]

[142]

[156]

[170]

FeO-,
1+x [63]

FeO
X [162]

[163]

FeO [21]

[22]

[24]

[40]

[154]

[174]

Fe
Oo95°

[31]

[37]

[75]

Fe0
2 [21]

Fe
2
0
3

[25]

[37]

[ 106 ]

[139]

[161]

Sublimation pressure of iron measured by a torsion effusion

method in the range 1450° to l680°K.
Measured the heat content over the range 353° to 1323°K.

Reported heat content and heat of the y~ 6 transformation*
Melting point reportedo
Using a drop calorimeter measured the heat content between
521° and 1073°K.
Measured transformation temperature while cooling at

5000 to 8000°c/sec.
Measured vapor pressure using a Knudsen effusion method
in the range 1423° to 1623°K.

Direct measurement of the heat of formation of the
nonstoichiometric oxides at 1073°K.

Calculated the values of enthalpy and entropy for

x = 1.0451 to 1*0733 and over the range 890° to 1673°K.

,[ 164 ] Partial pressure of oxygen in equilibrium with Wustite
and solid Fe<>

Gave the dissociation energy.
Calculated the free energy function for the gas between
298° and 3000°K.
Measured the decomposition pressure 0

Derived heat of fusion from literature data.
Obtained the heat of sublimation from spectroscopic and
thermochemical data*
Determined the vapor species in equilibrium with solid
samples of Fe30^ and Wdstite* The only vapor species
found were 0, Op* Fe and FeO, The ratio PFeo/^Fe varied
inversely with temperature.

Offered a "best value" for the melting point.
Reported the heat content between 298° and 1650°K.
Studied the equilibrium 2Feg

>
q^yO = 1.894 Fe(y) + 0q(g)

between 1373° and 1573°K 0 Partial pressure of 0q obtained.

Reported the dissociation energy.

Heat content and heats of transition measurements between
273° and 923 °K.
Measured the high temperature heat contents from 298°

to 1750°K of the a, 3, and y forms

„

Discusses the effect of pressure on the crystalline
modifications.
Studied the oxygen dissociation pressure on the iron oxide
system. Established the relationship between thermodynamic
properties, composition and structure of iron oxide at

elevated temperatures.
Reported on the dissociation pressure of FeqC^ between
1373° and 1673 °K.
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Fe_0 [37] Measured the heat contents of the a and (3 crystalline forms 0

^ ^ [139] Studied the oxygen dissociation pressure on the iron oxide
system. Established the relationship between thermodynamic
properties, composition and structure of iron oxide at

elevated temperatures.
[162] Calculated the enthalpy and entropy between 890° and

1673°K 0

[174] Determined the vapor species in equilibrium with samples
of Fe30 / and wustite, The only vapor species found were

0, 0^, Fe, and FeO.

FeH,FeH„ [137] Measured the dissociation pressures for 2FeH = 2Fe + H2
and FeH2 = Fe + H2 .

FeCt [141] From attempts to measure the transport of Fe by FeCt at

1173°K was able to estimate the heat of formation of
FeCt (g)

o

FeCt2 [14] Determined the vapor pressure and partial pressure of

dimer above liquid FeCt 2o Gave an equation for the heat

of vaporization.

[105] Melting point reported
[118] Measured the heat content for the crystal and liquido

Obtains the heat of fusion and other thermodynamic
properties.

[179] Vapor pressure measurements and estimate of boiling point 0

FeCt„ [35] *[36] Temperature and heat of fusion reported 0

[88] Obtained the vapor pressure and heat of sublimation for
2FeCl3 (s) =Fe2Cl6(g)o

[180] Determined the heat content between 298° and 56l°K 0

Fe2C-t£ [34] Pressures of Fe2Ct^(g) above solutions of FeCt 2 in

Fe2C££(0 were measured* Reported the vapor pressure,
heat and entropy of fusion, and estimated the boiling point*

[93] Reviewed the thermodynamic data for crystal, liquid and gas e

[175] Measured the vapor pressure by a flow method 0

Fe^N [27] Studied the reaction 2Fe^N + 3H
2 = 2NH

3
-t* 8Fe 0

FeO oAt 0 [58] By a calorimetric method measured the heat of reaction
for FeO -t* A-t 203 -+ Fe0 °At 203 at elevated temperatures 0
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Chapter B3

STATUS OF THERMOCHEMICAL DATA ON SOME HEAVY-METAL OXIDES AND HALIDES

(from the Proceedings of the Third Meeting of the Interagency Chemical

Rocket Propulsion Group on Thermochemistry, El Segundo, California}

March 1965)
by Donald D. Wagman

In view of the increasing interest in the heavy-metal elements as

components of high-energy fuels we have conducted a review of the available
published data on the chemical thermodynamic properties (heats and free

energy of formation, and entropy) of the oxides and halides of mercury, lead,

thorium, uranium, tungsten, and tantalum. In this survey we have assembled
all of the pertinent data on these substances from the files of the Chemical
Thermodynamic Data Group. These data have been reviewed and values of AHf°,

AGf° and S° selected where possible. While these values will not be iden-
tically the same as those finally issued by the Chemical Thermodynamic Data
Group as the result of their current review of the literature in this field,

the values will be sufficiently close to be useful. Furthermore the gaps

in the tables, indicating the absence of useful data, will be of significance
to this Panel as an indication of needed research.

The following sections of this report contain a summary of the available
significant data on the compounds of each element considered. No attempt
was made to list all references. The final selected values are listed in
Tables I - VI.

LEAD (Table I)

PbO(c, red) The more precise data on this substance come from the

various cell measurements [1, 2, 3, 4], The temperature coefficient measure-
ments are consistent with the calorimetric S° for PbO. The calorimetric
measurements [5, 6, 7, 8] show considerable scatter, from -49.8 to -53.1
kcal/mole for AHf.

Pb02 (c) The calorimetric entropy is not consistent with the various
cell measurements [9, 10, 11]. The equilibrium data of Krustinsons [12]
yield much too large a value of AS. The cell data have been used for the
final selections.

PboO^ (c) The cell data of Andrews and Brown [13] yields AHf = -170.5
and -174.0 kcal/mole; the decomposition pressure data of Reinders and Ham-
burger [14] yield -172.6 kcal/mole. Recent high- temperature cell data by
Chartier [15] indicate a somewhat more negative value of AHf than the one
selected. The value of S° is taken from Kelley [16].

PbF? (c) The measurements of Gross, Haymann and Levi [17] on Al + PbF2,
von Wartenberg [18] on the heat of solution of PbO in HF(aq), and Jellinek
and Rudat [19] on the PbF2~H2 equilibrium yield values of /AHf = -158.4,
-158.7, and -158.9 kcal/mole, respectively. The cell data of Jahn-Held and
Jellinek [20] have been used to calculate S°. The equilibrium data of [19]
lead to somewhat too high a value of S°.

PbCl2 (c) There is a small uncertainty in the value of S°. The calori-
metric value is slightly higher than the value obtained from the temperature
coefficient of the EMF data by Priepke and Vosburgh [21], Gerke [22],

89



Jahn-Held and Jellinek [20], Delimarskii and Roms [23] and the PbCl 2-H2 gas

equilibrium data of Jellinek and Rudat [19] and Bagdasarian [24],

Pbl 2 (c) The values are based on the cell data of Cann and Taylor [25],
Vosburgh and Dibeler [26] and Gerke [22]. We have selected the calorimetric
value of S°; the cell data lead to a value within 0.5 cal/deg mole.

MERCURY (Table II)

HgO(c. red) Most early measurements do not distinguish clearly between

the red and yellow forms of HgO. However the cell data of Fried [2],
Shibata et al. [27] and Ishikawa and Kimura [28] lead to values of f° from
-13.984 to -13.999 kcal/mole; the temperature coefficient data of [27, 28]

yield S° = 16.78, 16.92, and 17.27 cal/deg mole in good agreement with the

calorimetric value [29] of 16.80 cal/deg mole.

HgO(c, yellow) The difference between the red and yellow forms is

taken from the measurements of Fried [2] and Garrett and Hirochler [30],

The calorimetric measurements are of low precision. The decomposition
pressure measurements of Taylor and Hulett [31] yield AHf = -21.85 kcal/mole,
presumably for the yellow form.

HgF 2 (c) No measurements on this substance. There are various estimates
available

.

Hg2^2

(

c ) The cell data of Koerber and DeVries [32] using Cu and Cd

amalgam electrodes lead to inconsistent £Gf values. The temperature
coefficient data lead to an unreasonable value of S°.

HgCl2(e) The vapor pressure data of Shibata and Niwa [33] and earlier
measurements have been combined with calculated S° values for HgCl 2 (gas) to

calculate S°. The value of <^Hf comes from the measurements of Thomsen [5]

and Troost and Hautefeuille [34] on the Hg 2Cl 2 "Cl 2 reaction.

Hg2Cl2 (c) There are a large number of cell measurements of AGf that
are very consistent (-50.362 to -50.388 kcal/mole). The cell data of Gupta,
Hill and Ives [35] yield S° = 45.83 cal/deg mole. The data of Gerke [22]

yield an average value of 46,4. The available calorimetric data extrapolate
to 46.0.

Hgl 2 (c) The calorimetric data of Varet [36] on the heat of reaction of
Hg with I 2 -KI solution yield data which are consistent with similar measure-
ments on Hg2l2* The entropy is calculated from data for S°(gas) and
sublimation measurements of Shibata [33], Magee [37] and the other data
reviewed by Kelley [38].

Hg 2 l 2 (c) The data of Vosburgh [39] on Pbl2 "Hg 2 l2 and Cdl2~Hg2l2 cells
yield values of S' = 56.4 and 56.3 cal/deg mole, respectively. Calorimetric
heat of formation data (relative to Hgl2) yield AHf = -28.89 kcal/mole;
the cell data yield -28.93 kcal/mole.

THORIUM (Table III)

ThO(c) No data available.
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Th02 (c) The heat of combustion has been measured by Roth and Becker

[40] and Huber and Holley [41], obtaining AHf = -292.6 and -293.2 kcal/mole,
respectively. The entropy was measured by Osborne and Westrum [42]

.

ThF4 (c) Darnell [43] has studied the SiC^-ThF^ equilibrium from which
we calculate = -503.5 kcal/mole. The entropy was measured by. Lohr,

Osborne, and Westrum [44] .

ThCl^Cc) There is wide disagreement between the calorimetric measure-
men t s~7)FHjTiauve net [45] and Eyring and Westrum [46] on the heats of solution
of Th and ThCl^ in aqueous HC1. Von Wartenberg [47] obtained AHf = -300

kcal/mole by the direct reaction of Th 4- CI 2 . The cell data of Egan and
McCoy [48] have been used to obtain an approximate value of S°.

Thl4 (c) The equilibrium between Ti02 and Thl4 was studied by Landis

and Darnell [49]. The direct reaction of Th + 1(g) was studied by Allen
and Yost [50] but their data appear to be inconsistent.

URANIUM (Table IV)

UO9 (c) , UCh(c), U?0ft(c) The values of AHf for these oxides are

linked through the combustion measurements of Huber, Holley, and Meierkord

[51], Gerdamian et al. [52], Popov and Ivanov [53], and the solution
measurements of Burdese and Abbatista [54], Calorimetric S° values have
been taken from Jones, Gordon and Long [55] and Westrum and Gronwald [56].

U3 ®7
(c) Mukaibo et al. [57] obtained -843. and -817. kcal/mole for

^ 07 (0 ) based on DTA calorimetry for reactions involving U30g and UO2 ,

respectively. Westrum and Gronwold [58] measured 3°.

11409 ( 0 ) The heat of formation has been calculated from the solution
calorimetry of Burdese and Abbatista [54] . The decomposition pressure data
of Duquesnoy et al. [59] are not internally consistent. The entropy was
measured by Osborne, Westrum, and Lohr [60].

UF4 (c) The equilibrium measurements of Doniange and Wohlhuter [61]

yield AHf = -451.5 kcal/mole; the solution calorimetry of Mal'tsev [62]

yields -450.7 kcal/mole, based on the value selected for UCl4 (c). The
entropy was measured by Burns, Osborne, and Westrum [63],

UF5 (c) Priest [64] studied the disproportionation of UF5 (c) to
UF4 (c) and UFg(g). The data do not distinguish between CC - and -forms
of UF5 .

UFg(c) Settle, Feder and Hubbard [65] measured the direct heat of

fluorination. The entropy is taken from the heat capacity measurements of

Brickwedde, Hoge, and Scott [ 66 ],

U 2Fq(c), U4F^ 7 (c) The values of AHf are calculated from the heats of

disproportionation measured by Agron [67], The data are not very self-
consistent; values for U2F9 range from -936. to -948. kcal/mole.
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UCl^(c) The heat of solution measurements of MacWood [ 68 ] yield AHf =

-212.2 kcal/mole; the equilibrium data of Altman [69] on UCI4-UCI 3-H2 -HCI
yield -213.0 kcal. The high temperature disproportionation data of
Shchukarev et al. [70] are somewhat low. There is no entropy data.

UCl^Cc) The data of MacWood [ 68 ] and Argue et al. [71] are in good
agreement

.

UCl 5 (c) MacWood [ 68 ] obtained AHf = -262.3 kcal/mole from heat of

solution data. Martin and Eldaii [72] measured the decomposition pressure of

CI 2 over UCI 5 -UCI4 ;
from their data we calculate AHf = -259.4 kcal/mole.

UClgCc) See MacWood [ 68 ].

U 0Cl 2 (c) The value is based principally on the heat of solution data
of MacWood [*£8 ] . Mueller [73] and Shchukarev et al. [74] measured the

pressure of UCl4 (g) over UOCI 2 . The entropy was measured by Greenberg and
We strum [75]

.

U02Cl2 (c) The value of AHf is based on the heats of solution in

FeC

I

3 - HU 1 mixtures by Shchukarev [70].

TUNGSTEN (Table V)

WC>2 (c) Values of AHf obtained by bomb combustion are -137., -140.94,
-134.8 kcal/mole [76, 77, 78]. High temperature equilibrium data yield
-135., -137., -133., -136.6, -137.1 kcal/mole [76, 79, 80, 81, 82]. King,
Weller and Christiansen [83] measured the entropy.

W03 (c) The values of AHf obtained by combustion are -201.46 and
-200. «4 kcal/mole by Mah [77] and Huff, Squitieri and Snyder [84], respec-
tively. The value of S° is from King et al. [83] ;

Seitz et al. [85] report
S° = 19.9 cal/deg mole,

^WO^c) From the decomposition pressure measurements of Hiittig and
Kurre [ 86 J.

WF 5 (liq) The value of /'Hf is calculated from the data of Myers and
Brody [ 8 / ] on the heats of solution in aqueous NaOH.

WCl 2 (c), WCl4 (c), WCl 5 (c) The heats of formation are calculated from
the reduction equilibria measurements of Novikov et al. [ 88 ], the combustion
data of Shchukarev et al. [89] on WCl 2 (c) and the disproportionation
equilibria measurements of Shchukarev, Novikov et al. [90],

WClg(c) We have calculated AHf from the heat of solution data of

Shchukarev, Vasil'kova and Novikov [91] for WClgic) in NaOH. The phosphorus
reduction equilibrium measurements of Novikov et al. [ 88 ] lead to AHf =

-150. kcal/mole. Vernon [92] studied the high temperature decomposition of

WCl 6 (g) to W(c) and Cl 2 (g). from his data we have calculated AHf WClg(g) =

-130. kcal/mole, in good agreement with the available sublimation data for

WC1 6 .
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TANTALUM CTable VI)

TaC>2 (c) The only data are those of Samsonov [93] on the reduction by C,

Ta20^(c) The three most recent heat of combustion measurements [94,

95, 9b j are In satisfactory agreement, -488.8, -487.7, and -489,3 kcal/mole.
The earlier measurements range from -479 to -500 kcal/mole. Kelley [97]
measured S°.

TaF^(c) Greenberg et al. [98] measured directly the heat of fluorina-
tion.

Shchukarev et al. [99] measured the heat of oxidation of

o Ta?Us(.c); his data yield AHf = -93 kcal. They also studied the

TaCl 2 (c)

> to Ta 2 ^

disproportionation to TaCl 5 (c) and obtained -96. kcal/mole.

TaCl 3 (c)
[100]7

From the disproportionation reaction studied by Kurbanov

TaCl4 (c), TaCl 5 (c) Schafer and Kahlenberg [101] measured the heats of

solution in aqueous HF*. Their value for AHf of TaCl 5 ,
-205.0 kcal/mole,

is in fair agreement with the value -205.52 kcal/mole reported by Gross,
Hayman, Levi and Wilson [102].
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Table I

LEAD COMPOUNDS

Compound State AHf 0

kcal/mol
4Gf°

kcal/mol
S°

cal /deg mol

PbO c,red -52.34 -45.16 15.92
c, yellow -51.94 -44.91 16.4

Pb02 c -66.3 -51.95 16.4

Pb 3o4 c -171.7 -143.7 50.5

PbF2 c -158.7 -147.5 26.4

PbCl2 c -85.90 -75.08 32.5

Pbl2 c -41.94

Table II

MERCURY COMPOUNDS

-41.50 41.79

Compound State AHf 0

kcal/mol
4Gf°

kcal/mol
S°

cal /deg mol

HgO c, red -21.65 -13.99 16.8

c, yellow -21.65 -13.96 16.7

HgF 2 c __ - - -a.

HS2 F2
-117. ---

HgCl 2 c -53.5 -42.5 34.5

Hg
2
Cl2 c -63.39 -50.377 46.0

Hgl2 c -25.1 -24.6 44.

Hg2 I2 c -28.90 -26.58 56.3
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Table III

THORIUM COMPOUNDS

Compound State AHf 8

kcal/mol
Z£f°

kcal/mol
S
8

cal/deg mol

ThO c — — —
Th0

2 c -293.2 -279.4 15.59

ThF
4

c -503.5 -480.9 33.95

ThCl4 c -291. -273. 58.

TI1I4 c -200 ,

Table IV

URANIUM COMPOUNDS

Compound State AHf 0

kcal/mol
Z£f 0

kcal/mol
S
8

cal/deg mol

uo2 c -258.5 -245.9 18.63

U0
3 c -293.4 -274.9 23.57

U3 °7 c -819. -775. 59.5

u
3
o8 c -853.4 -804.3 67.53

u4 o9 c -1084. -1028. 80.29

uf4 c -451.1 -429.4 36.25

uf5 c -488.6 — —
uf6 c -522.64 -491.91 54.3

U 2F 9 c -942. — —
u4f 17 c -1850. — ---

UC1 3 c - 212.2 — —
uci4 c -251.2 — —
UC15 c -261. — —
uci 6 c -272.6 — —
uoci

2 c -262. — —
U02C12 c -290. — —
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Table V

TUNGSTEN COMPOUNDS

Compound State AHf 0

kcal/mol
A0f°

kcal/mol
S°

cal/deg mol

CM
oSc c -139. -125.7 12.08

W03 c - 201.0 -182.2 18.14

H2WO4 c -280.2 — —
wf

6 c -427. — —
WC12 c -62. — —
WC 14 c -118. — —
WClg c -132. — —
WC 1 6 c -151.8 - 120.0 61 .

Table VI

TANTALUM COMPOUNDS

Compound State AHf 0

kcal/mol kcal/mol
S°

cal/deg mol

Ta 02 c -190. — —
Ta 2 05 c -488.5 -456.3 34.2

TaF
5 c -454.98 — —

TaCl
2

c -94. — —
TaCl

3
c -135. — —

TaCl
4 c -168.8 — —

TaCl5 c -205.3 — —
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Chapter B4

A SURVEY OF THE THERMODYNAMIC DATA ON HEAVIER ELEMENTS AND THEIR

COMPOUNDS: HIGH-TEMPERATURE ENTHALPY AND VAPORIZATION EQUILIBRIA

(from the Proceedings of the Third Meeting of the Interagency

Chemical Rocket Propulsion Working Group on Thermochemistry

,

El Segundo, California, March 1965)

by Thomas B. Douglas

ABSTRACT

A comprehensive, though not all-inclusive, survey of the published
literature was undertaken for the purpose of determining where high-
temperature enthalpy and vaporization-equilibrium data appear to be lack-
ing or inadequate for Ti, Zr, W, Pb, Hg, I, Hf , Th, U, and their light-
element compounds considered to be of possible importance in chemical
propulsion and refractory applications. The results of this survey are

summarized, and several examples are presented of the effects of un-
certainties in the standard thermodynamic properties on calculated equi-
libria at high temperatures. It Is pointed out that the first ionization
potential of a molecule containing one alkali atom can be expected to
exceed that of the free alkali atom by approximately the dissociation
energy of the neutral molecule; and this relation is verified, within
experimental uncertainty, for several examples.

INTRODUCTION

Three major areas of interest relative to the use of heavier elements
and their compounds in chemical-propulsion applications are;

(1) Contribution to propulsion efficiency

(2) Suitability as stable refractories

(3) Efficiency as sources of or sinks for electrons

In the sense that these areas emphasize the ensemble of thermodynamic
properties somewhat differently, the greater part of the material of this
paper is included with item ( l) primarily in mind, though items (2) and

(3) will receive limited comment.

For present purposes the term "heavier elements" may be taken to
comprise the elements below the first two rows in the Periodic Table.
Elsewhere in this meeting the bearing of heavier chemical elements on
propulsion efficiency was discussed, and several promising such elements
were identified [l]. Those reviewed in the present paper arel

(1) Ti, Zr, W C^ctive-element" propellants)

(2) Pb, Hg, I ("inert-element" propellants)

(3) Hf, Th, U ("active-element" propellants receiving secondary
consideration)

(4) Na, K (impurities important as electron sources)

JANAF tables have been issued for these elements and many of their com-
pounds -- except none thus far for Hf, Th, U, and their compounds [4],
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The species reviewed here are limited to the free elements and their
compounds with F, Cl, 0, H, N, C, and/or B, and in addition the iodides
of Be, Al, and Li. Since the calorimetrically determined heats of forma-
tion and entropies are discussed elsewhere in this meeting [2], the present
review will be limited to the high-temperature data on enthalpy and on
congruent and non-congruent vaporization equilibria, including the prop-
erties often derivable using such data (gas dissociation energies, etc.).
Such data as are available for mixed systems (phase diagrams, etc.), which
are important in multi-component applications, were not examined.

While it is hoped that the following summarized review will constitute
a picture of the existing-data situation which is fairly accurate in

general, it should be emphasized that some particular statements as to

lack or adequacy of data will be incorrect, partly because some important
investigations in the area covered did not come to our attention and partly
because a much greater time would be required to review the existing data
critically enough to justify independent judgments as to their Inter-
consistency and relative merit. Principal reliance was placed on several
important reviews, compilations, and bibliographies published within the
past 15 years [4-15]. Many of these reviews and compilations include
expert evaluation, but most can hardly be considered up-to-date at the
present time. The recent bibliographies [14,15] that were used system-
atically, which do not cover the published literature beyond 1963, indicate
an accelerated output of thermodynamic data on the heavier elements within
the past few years, and also that approximately half of these publications
are by Russian investigators.

In systematically examining thermodynamic data for a specific applica-
tion, one should of course try to judge their adequacy or lack of it not by
laboratory standards but in relation to the practical needs. In most cases
the most important way in which the standard heat of formation and entropy
of each species contribute to the total energy of the high-temperature
equilibrium system may be said to be in determining how much of the species
will be present — in other words, the contribution of the species to the
equilibrium constants of all reactions involving it. In trying to pay
particular attention to those species which may be important in this sense,
we have chosen two rather extreme high temperatures, 2000° and 5000°K.
From the fundamental thermodynamic relation

R In K
p

= 4S° - (AH°/T) (l)

it is apparent that, other things being correct, an error of a factor of
ten in the calculated equilibrium constant of formation of a gas at 2000°K
is made by an error of 9 kcal/mole in the standard heat of formation. The
same error in Kp at 5000°K requires an error of 23 kcal/mole (l eV) , and
the same error in Kp at any temperature arises from an error in the
standard entropy of about 5 e.u./mole.

Next the data status will be summarized, taking the six elements Ti,

Zr, Hf, Th, W, and U together but discussing separately each class of
their compounds. Many of the oxides and halides are Important in oxidiz-
ing but not in reducing atmospheres, but it will be assumed that both
conditions must be considered.
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DATA STATUS: Ti, Zr, Hf, Th, W, U

Free Elements . Good heat-capacity measurements on the solid metals
extend to about 1400°K for Ti, Hf, and Th, and to near the melting point

for Zr, U, and W. No directly measured heats of fusion nor liquid heat

capacities were found, though vapor-pressure measurements on both solid

and liquid uranium seem to provide an experimental value for its heat of

fusion. Some vaporization data exist for all six metals, and although
the uncertainties in the heats of vaporization of Ti, Zr, and Hf have been

variously estimated as from 5 to 10 kcal/mole, the vapor pressures of these

metals below 4000° or 5000°K are so low that uncertainties of this order
are hardly serious.

Hydrides . These metals all form solid hydrides whose compositions
are variable over continuous ranges, and whose tendency to be rather de-

cidedly exothermic may limit their importance as fuels. However, they
are not stable enough at high temperatures to be important combustion
products. The gaseous hydrides may not be important high-temperature
species even under reducing conditions, but there appear to be no data

on them.

Oxides. The solid-oxide phases show continuously variable regions
of composition whose limits tend to be rather complex. The solid oxides
approximating the dioxide composition are probably the most important,
and heat-capacity data on those of Ti. Zr, Hf, Th, and U exist up to at

least 1500°K (and up to 900°K for UO3), But we found no calorimetric
heats of fusion nor liquid heat capacities. Experimental values for their
heats of fusion are available from phase diagrams, but this source is

usually not very reliable. The principal known gaseous oxides have the
empirical formulas MO and MO2 — with MO3 also in the cases of tungsten
and uranium, which can be hexavalent. Numerous vaporization studies have
been made which give thermodynamic data for all these gaseous oxides except,
apparently, for those of hafnium. The data for TiO, ThO, U0, and UO3 are

poor or deficient, but those for Ti02, ZrO, and Zr02 apparently show fair
precision or agreement. The several studies yielding data for Th02 and UO2
show poor agreement, and Brewer and Rosenblatt [12] assigned uncertainties
of ±15 kcal/mole to their dissociation energies. Of these six metals, the
greatest number of vaporization studies seems to have been made on the
oxides of tungsten, and some of the large discrepancies for these oxide
species suggest that had more work been done on the oxides of the other
five metals, their existing data might seem to be less satisfactory.

0-H Compounds . The only gaseous compound of any of these six metals
with hydrogen and oxygen for which we found any thermodynamic data is

H2WO4, tungstic acid (discussed later) . It might be expected that simpler
gas molecules (such as MOH) are of some importance at very high temperatures,
though, so far as we know, no such species have been reported.

Fluorides and Chlorides . The halides are in general considerably more
volatile than the oxides, so that condensed-phase high-temperature enthalpy
data are less essential. The following remarks apply to vaporization
data unless otherwise qualified.

The data are most complete for the fluorides and chlorides of titanium.
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zirconium, and tungsten, and apparently are quite satisfactory for the
saturated compounds (TIX4 , ZrX^, and WX^) , as well as for WCt^, and
probably WF. The vibrational spectrum of TiCt has been observed, and
yields a dissociation energy which, however, appears of low reliability.
But the data for the subhalides of titanium seem to be of poor quality,
and the dissociation energies of (gaseous) WCtq and the subhalides of
zirconium are estimated only, though some of these are probably rather
important high-temperature species. Very few data were found for any of
the halides of hafnium and thorium. Vaporization data exist for the
tetrahalides and hexahalldes of uranium; solid UF4 , however, seems to lack
high-temperature heat-capacity data,

Oxyfluorldes and Oxychlorides . Many of these are probably species
of considerable importance, but about the only existing data are for WOF4 ,

W0a4 , and WO2^2

f

'which seem fairly good. The only data found for uranium
compounds in this class were heat-capacity measurements on solid UO 2F2
up to 425°K.

Nitrides, Carbides, and Borides . The only existing high-temperature
enthalpy data seem to be on TIC, TIN, TiBp (to 1000°K only) , TI13N4 , ZrN,
Zr3N2 , ZrB2 , and UCp. An estimated dissociation energy of ZrN(g) suggests
its lack of importance at high temperatures; but no data were found for
any gaseous species in this class. Some scattered vaporization-equilibrium
studies have been reported which provide some data on solid nitrides,
carbides, and borides of titanium and zirconium and on the solid carbides
of hafnium, thorium, tungsten, and uranium. However, it appears that all
the solid compounds in this class vaporize by decomposition to the free
elements, and that such equilibria, if they involve pure solid phases
(as is usually assumed), could be much more reliably calculated with the
use of good thermal data on the solid compounds. This situation is

illustrated by a critical discussion by G. T. Furukawa of the various
data for solid At4C3 , which also decomposes to the free elements [16].

DATA STATUS: Pb, Hg, I

Lead, mercury, and iodine are all relatively volatile elements, and
their thermodynamic data in the free state are in excellent shape.

Although often referred to as "inert" elements, some of their compounds
are sufficiently important under certain conditions at high temperatures
as to require attention. The thermodynamic data seem good and fairly
complete, for the condensed and gaseous states, for PbO and its gaseous
polymers, PbCt2> HgCt, HgCt2> HI, IF, ICt , IF^, and the various iodides
of aluminum and lithium. The data for PbCt(g) appear to need improvement,
and better data are needed for gaseous HgF and the fluorides of lead. On
the other hand, the dissociation energies of the iodides of beryllium are

probably still in the est imation stage, and no data were found for simple

molecules such as 10, IF2 , I0F, and PbOF which, without convincing argu-
ments to the contrary, probably should be considered of some possible
importance in oxidizing atmospheres at high temperatures.

SOME EXAMPLES

Certain thermodynamic properties of a few substances covered above

are discussed below in three cases, not because the specific cases
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themselves are uniquely important but because they illustrate three
general problems.

A Recent Thermodynamic Table for H2W04(g) » An earlier JANAF table [4]

for this species was basod on throe high-temperature studies of the

equilibrium

W0
3
(c) + H

2
0(g) = H

2
W0

4
(g) (2)

and, in the absence of spectroscopic data on H2WO4, on estimated molecular
constants, including the 15 vibrational frequencies, by analogy with experi-

mental ones reported for H2SO4. Recently the table was revised to accord
with a more precise study, published last year, of the equilibrium

W(c) + 4K
2
0(g) = H

2
W0
4
(g) + 3H

2 (g) } (3)

the frequencies were still estimated by analogy with H2SO4, but were
adjusted so as to give the Second-Law entropy value S-j^qq derived from the
new equilibrium data. Compared with the earlier table, the new one gives
higher values of AHfq^oO and S]_600 by approximately 14 kcal and 10 e,u.

per mole respectively} and as a consequence H2WC>4(g) is represented in the

new table as being many times as important a high-temperature species.

We have not examined the basic data mentioned and hence are not pre-
pared to pass an opinion on the wisdom of the data treatments which led to

the two tables. It can be said, however, that there are cases where such

high-temperature equilibrium studies are (or could be made) sufficiently
reliable and precise as to establish fairly good Second-Law heat-of-forma-
tion and entropy values for the gas species at some elevated temperature
in the range of the measurements. When this is true, the heat capacity
(as that of H2WO4) Is likely to be so near equipart itional above the
temperature in question that extension of the thermodynamic properties of
the gas to all higher temperatures Is quite insensitive to a completely
estimated frequency assignment. (This assumes that the usual harmonic-
oscillator rigid-rotor approximation for such polyatomic gases is used.)
The thermodynamic parameters at 298°K may still be in considerable doubt,
but it is doubtful whether a species such as H2W0/(g) will ever be observed
in equilibrium at such low temperatures anyhow. However, It would be un-
realistic not to realize, in connection with a survey of available thermo-
dynamic data, that the existence of a complete but bare-minimum set of
precise data would be deceptive if they contain large systematic errors
which might be revealed only by additional data of the same type or,
better, of another type (spectroscopic in the present case).

Important Tungsten Species in the W-O-H System . On the basis of the
latest JANAF tables [4 ] and the results of an additional investigation [17],
we have examined the relative stabilities of known tungsten species in

the W-O-H system. The more important of these are listed for 2000° and
5000°K in Table I — approximately in the order of relative importance,
though this obviously depends on the composition and total pressure of
the system. A somewhat similar table was presented elsewhere in this
meeting, and was used to point out that even at high temperatures the
gaseous oxides of tungsten are sufficiently important species to Justify,
for practioal reasons, careful evaluation of their properties [3].
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TABLE I. IMPORTANT TUNGSTEN SPECIES IN THE W-O-H SYSTEM

2000°K 5000°K

W(c)* W(A)*

W0
2
(c)* wo(g)

wo
3
(i) wo

3
(g)

W3°9 (g)
,

wo
2 (g)

w
3
o
8
(g) w

2
°
6 (g)

w
4
°
12

( g ) w
3
o
9
(g)

H
2
W0
4
(g) W e)

*
Under reducing conditions only

It appears that W0(g) , -which is highly unimportant at 2000°K, is the most
important tungsten-oxide species at 5000°K under both oxidizing and re-
ducing conditions. As is well known, this fact exemplifies the common
increasing relative importance of the simpler species at the highest
temperatures, owing to their relatively higher entropy of formation and

the increasing predominance of this factor (equation l) , At the same
time, the case of W0(g) serves to point out that the failure to detect
experimentally some simpler gaseous species at relatively low tempera-
tures (say, 2000°) is generally not reliable evidence of its unimportance
at considerably higher temperatures.

The Dissociation Energy of ZrF(g) . The difficulties in estimating
sublimation or dissociation energies need no introduction, and so can be

illustrated dramatically by an older and a revised preliminary table for
ZrF(g) [4] without reflecting discredit on those who generated the tables.
The two tables differ essentially only in their two widely different values
for the dissociation energy of the molecule, which were estimated using the
dissociation energies listed in Table II, parts (a) and (b) respectively*

TABLE II. COMPARISON OF TWO TABLES FOR ZrF(g)

(a) Correlation Used for Older Tables

ZrF: D = 1 x 174 ±30 kcal/mole (estimated)
ZrFp: D = 2 x 164 ±25 " "

(
"

)

ZrF3 : D = 3 x 157 ±30 " " ( " )

ZrF^t D = 4 x 154 ±3 " " ("thermochemical n
)

(b) Correlation Used for Newer Tables

ZrF: D = 47,5 ±10 (estimated)
ZrCA : D = 36.2 ±10 (

"
)

ZrO: D = 183 ±5 (Mass spec,)

(c) Tabulated log Kpf° for ZrF(g)

Table

Older
Newer

2000°K

TiF: D = 38 ±20
TiC-l : D = 30 ±20
TiOt D = 186 ±5

(estimated)
(spectrosc.)
(exptl.)

5000°K

+3.9
-1.6

+5.9
-8.0
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On the basis of the mean experimental Zr-F bond energy in ZrF4, the dis-

sociation energy of ZrF was taken to be 174 ±30 kcal/mole in the older

table, but was revised to 47.5 ±10 kcal/mole in the newer table on the

basis of more recent experimental data on a few diatomic zirconium and

titanium species. As shown in part (c) of Table II, the two thermodynamic

tables differ, with respect to the amount of ZrF(g) predicted to be present

under given conditions, by a factor of 10^ at 2000° and by a factor of 10 •

at 5000°Kl The example of ZrF recalls the comparably large spread of

dissociation-energy values for BeF advocated until quite recently. It

should be easy to distinguish between two such large values by a rough

experimental determination of the abundance of the molecule under suit-

able conditions.

A FEW SELECTED REFRACTORIES

No attempt is made here to review the data status on all the heavy

elements and their compounds which are used or have potential use as re-

fractories in high-temperature applications. The nominal formulas of a

few such substances which are said to have outstanding qualifications are

listed in Table III — together with, in °K, their approximate melting
points (some averaged from different sources) and the highest temperatures

to which experimentally determined heat capacities seem to be available.
According to our information TiC, ZrB2> and Zr02 lack heat-capacity data

for considerable temperature ranges below their melting points.

TABLE III. SOME IMPORTANT REFRACTORIES

Nominal
Formula

Melting Point
(°K)

CD Measured
P
to (°K)

Ta

Mo
W
TiC
ZrB2
ThOp
Zr02

3260
2880
3680
3490
3310
3320
3000

2940
M.P.
M.P

.

1735
1125
2750
1840

According to Jaffee [9], large heavy forgings of the more refractory
metals such as tantalum, molybdenum, and tungsten have found recent appli-
cation for nozzles and control surfaces for solid-fuel propellant rocket
systems, since the stresses are not high and oxidation protection is not
a problem there. The good thermal conductivity of molybdenum and tungsten
is a particular advantage. Westbrook [9] states that ZrB2 is the boride
in which so far the most practical interest has been shown, and that its
high melting point, corrosion resistance, and excellent wear resistance
make it particularly attractive for high-performance burner systems and
rocket nozzles. According to Litz [9], TiC is the metallic carbide which
has been studied most exhaustively for high-temperature applications. In
addition to its low density, a major advantage is its fairly good thermal
shock resistance as compared with other carbides and with oxides; and it

is markedly superior to ZrC in high-temperature oxidation resistance.

Of the refractory oxides, Th02 is the one whose lack of excessive
cost, thermodynamic stability against decomposition, and high melting
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point most recommend it for high-temperature use where chemical stability
is the chief requirement (Kingery [9j)« Zr02 has been included in Table III
because according to data presented by Schneider [ 11 ] it has, when sta-
bilized against transition (as by a few percent of MgO) , a much lower
brittleness and hence a higher thermal shock resistance (at least up to
1000°C) than Ai 203 , BeO, MgO, Th0 2 , and TiC.

Other thermodynamic properties of the last five substances in Table III
have been discussed earlier in this paper. The existlng-data status seems
to be as good for tantalum and molybdenum metals as for tungsten*

SOME COMMENTS ON IONIZATION

Various aspects of the problems associated with electron production
and capture are discussed elsewhere In this meeting. Relative to these
problems, the present paper concerns Itself only with the adequacy of the
thermodynamic data as they affect the predicted electron concentrations,
and that only in a limited way.

Taking sodium or potassium as a "heavier" element important as an
electron source because of its low atomic ionization potential, one may
say that from a thermodynamic standpoint there are three Important
questions in a given case:

(1) What is the total amount of the element present?

(2) Does Its ionization potential change considerably when the
free element becomes chemically combined?

(3) What percentages of the element exist free and in various
chemical combinations?

Since the answer to the second question is positive, the answer to the
third question is Important, and this is determined by the thermodynamic
data. However, rather than survey the status of these data for sodium,
potassium, and their light-element compounds, which is in general quite
good, we shall point out here one aspect of the second question above
which, despite Its simplicity, seems to have gone generally unrecognized.

A Relation Between Ionization Potentials and Dissociation Energies.
The relation

I(AB) - I(A,B) = D(AB) - D(AB
+

) (4)

relates the Ionization potential of a molecule A3, the ionization potential
of some (or all) of Its separated component atoms or radicals A and B, the
dissociation energy of the neutral molecule AB, and the dissociation energy
of the molecule-ion AB+ . Equation 4 is obviously exact so long as the
right-hand side refers to the same dissociation products as are involved
in the ionization process whose energy change is l(A,B); it was used
thirty years ago to establish consistency (to 0.006 eV) between the
quantum-mechanically calculated dissociation energies of H2 and H2

+
, using

accurate experimental values for the two ionization potentials. Further-
more, if it is correct to represent the binding energy of a molecule-ion
AB
+

by the electrostatic energy between an ion and a neutral atom or
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radical (say A+ and B) , then the coulomb term is zero, the attraction
produced by polarization of B by A4* would ordinarily be small, and

equation 4 would simplify to

I (AB) - l(A,B) = OCAS) (assuming D(AB+) = 0) ($)

An example providing quantitative magnitudes is furnished by LiH+ «

By a quantum-mechanical calculation Browne [18] recently found that the
dissociation energy lies between 0.038 and 0.15 eV and that it is due
almost entirely to polarization. (Wilkinson [19] previously estimated
the binding energy to be 1,3 ±0.5 eV, but he did so by the use of equa-
tion 4 and a value of i(Lih) which Price and his associates [19, 20] had
obtained by interpolation along an isoelectronic sequence of molecules
and which they regarded as uncertain.)

Three Tests of Equation 5 . An enlightening test is to calculate the
energy of the molecule-ion (at 0°K) , relative to neutral atoms, by assuming
it to be formed from the ion and the neutral atom (or radical) with zero
binding energy. This equals the experimental energy on the same basis,
l(AB)-D(AB), if equation 5 holds, but will be higher if D(AB+ ) >0. This
test was applied to Li2+ and Lir using molecular dissociation energies
given in the JANAF tables [4] and ionization potentials given in a

recent critical summary by Beckett and associates [2l], and was applied
to MgF4" with corresponding data from recent work of Ehlert, Blue, Green,
and Margrave [22]. Alternative energies of these molecule-ions were
calculated also on the basis of formation from other ionic and atomic
dissociation products likely to be important, with inclusion of an esti-
mated coulomb term when the combining particles ar*3 both ions.

The results for Li2
+

are as follows:

Form Relative Energy (eV)

(Li+)Li 5.4

L1(L1+ ) 5^4

Exptl. 3.8 ±0.2

In this case the molecule- ion is more stable than indicated by equation 5,
but this is the result qualitatively expected from quantum-mechanical
resonance when two low-energy electronic forms have the same or nearly the
same energy.

The results for LiF4
" proved to be:

Form

(Li
4
") F

Li(F+)

(Ll
4^) (r)

Exptl.

Relative Energy (eV)

5.4

17.4

>55

5.2 ±0.5

In this case equation 5 holds within the experimental uncertainty when
applied to the form (Li+)F. (The less stable covalent form (not listed)
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is ignored.) (Li
+)F has by far the lowest energy among the different

forms, presumably rendering the resonance energy negligible. The form
LiCF

4-

) has a much higher energy because the ionization potential of
fluorine is much greater than that of lithium, and in (Li++)(F“) the
coulomb attraction is far insufficient to overcome the second ionization
potential of lithium, whose unusually large magnitude can be attributed
to the absence of a second electron in the valence shell of the atom,
(The citation of a lower bound for (Li++)(F“) reflects the negligence
of the repulsive energy, which is not germane to the arguments here,)

Replacing LiF4" by an example of a Group II monofluoride, MgF4
"

, the
results obtained are

:

Form Relative Energy

(Mg
+
)F 7.6

Mg(P
rf

) 17.4

(Mg
4-4

*) (rO
. .

> 2.5

Exptl. 3.2 ±0.3

Here equation 5, applied to the form (Mg+)F, does not hold, a fact which
can be traced to the superior stability of the form (Mg'H')(F“) because the
second ionization potential of Mg, unlike that of an alkali atom, is

comparatively low.

Generalization, and Test of Six Cases . From the foregoing three
tests it may be supposed that equation 5 is a good approximation for a

molecule containing just one atom with a comparatively low first ioniza-
tion potential but a very high second Ionization potential (typically, an

alkali atom) • This generalization is tested in Table TV for the six such
molecules for which both experimental ionization potentials and fairly
reliable dissociation energies were readily found (in references [ 4] and

[ 21]).

TABLE IV. TESTS OF EQUATION 5

I leV)

Molecule Ob;SJL Calcd. (eq

LiH 7.85 ±0.2 7.9
NaH 6.5 ±1 7.2
LiF 11.1 ±0.5 11.3
Lil 8.55 ±0.4 8.95
LiO 9.0 ±0.4 8.7
NaOH 9.0 ±1. 9.0

Aside from the fact that uncertainties of the dissociation energies should
have been estimated and attached to column 3, columns 2 and 3 agree in all
six cases within the uncertainties recorded in column 2. Several other
molecule-ions not of this type (OH

4-

, H2
+

, BeO+ , etc.) were similarly ex-
amined, and in every such case, as expected from the foregoing arguments,
the reported ionization energy is substantially lower than the value calcu-
lated assuming that the dissociation energy of the molecule-ion is neglible.
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It appears that the proper application of equation 5 affords a simple

approximate check on the consistency between the dissociation energies and

the ionization potentials of alkali-containing molecules, and a useful

estimate of such an ionization potential if an experimental value is lack-

ing, provided the dissociation-energy value can be relied on. Remembering
that D and I apply to 0°K, equation 5 constitutes an easily remembered rule

for estimating the decrease of a gaseous alkali metal as an electron source

when it enters into a given chemical combination. Furthermore, the fact
that suoh molecule-ions have very low dissociation energies emphasizes
their unimportance in high-temperature systems in thermodynamic equilibrium
and the corresponding lack of need, in equilibrium applications, for
accurate tables of their thermodynamic functions.
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Chapter B5

HIGH TEMPERATURE MATRIX SPECTROSCOPY

D« E. Mann and G. V. Calder

1, MgFqt Magnesium Difluoride

An intensive investigation of the matrix spectrum of gaseous
MgF2 has been underway for some time and is now near completion*
While final results may not yet be quoted it is possible to indi-

cate the trend of our present conclusions*

MgFp was vaporized at relatively low temperatures (1225-1250°C)
in a double-oven Knudsen cell in which the upper stage was about
250°C above the lower portion. It was isolated in fairly dilute
Kr matrices at 20°K on a Csl substrate and examined over the
range 140-1200 cm

- ^ with infrared spectrometers which had demon-
strable resolving power of 0,6 cm” in the 240 cm

-1
region and.

0,4 cm“^ from 400-900 cm
-

. In order to examine the Mg^+ - Mg^
isotope effects .with requisite care a sample of MgFp highly
enriched in Mg^ -was studied under similar conditions.

It now appears that absorption bands near 840 and 240 cm
- ^

are correctly assigned to and ^ 2 * respectively. Convincing
evidence for vq has not yet been obtained though there are indi-
cations that it may lie in the vicinity of 550 cm“ . It also
appears, contrary to the conclusions drawn from electric
deflection experiments, that MgF^ may be bent.
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Chapter B6

TIME- RESOLVED ELECTRICAL MEASUREMENTS
IN HIGH- CURRENT DISCHARGES

By E. C. Cassidy, S. W. Zimmerman, and K. K. Neumann

ABSTRACT

A method for measurement of the resistive component of the in-

stantaneous voltage across a sample installed in a high-voltage, high-

current circuit is described. Simultaneous measurement of the current
permitted time- resolved determination of electrical energy dissipation,
power, and resistance of the sample. The system was calibrated calori-

metrically, and measurements were made with exploding wire samples.

INTRODUCTION

Accurate determination of voltage, power, and energy dissipation
in a transient high- current discharge has long been a difficult task.
Funfer et_ al, [l] used an ordinary voltage- divider arrangement to meas-
ure the voltage drop across a sample in series with a current- measuring
resistor. They estimated an error of less than 8 ’jo in electrical energy
measurements integrated between times when the electromagnetic field
was zero. Bennett at al. [2] employed a shielded divider and introduced
a correction [Ml/dt] to the voltage data. They estimated that the
error in their results did not exceed 5 Ostroumov and Shteinberg [3 ]

corrected for the induced emf by inserting (directly in the voltage-
measuring circuit) a toroidal coil which introduced an equal and op-
posite compensating emf. Moses and Korneff [4] used a similar but
more sophisticated system, equipped with two voltage dividers and
several amplifiers. Neither of the latter groups assigned an accuracy
to their measurements.

Since the reactive component of the voltage makes no contribution
to energy expenditure, we undertook to make direct measurements of the
resistive component by a method which is an extension of an earlier
technique by Zimmerman [ 5 ]. A two-divider system was used for the
voltage measurements. The double divider arrangement was preferable
because it precluded the possibility of arcing within the recording
oscilloscope, and it facilitated establishment of a common ground for
the voltage- and current- measuring circuits. A small coil, inserted
in the circuit, provided compensation for the emf induced by the dis-
charge in the sample and the voltage-measuring circuit. The resistive
component of the voltage was recorded on a dual-beam oscilloscope.



The voltage across a coaxial Park-type current shunt [6] was recorded
simultaneously in order to permit calculation of the instantaneous
discharge current. Instantaneous power and energy were determined
directly from these measurements.

APPAPATUS AND MEASURING CIRCUITS

The voltage divider system was designed for exploding wire ex-

periments using a 60 |j,F, 20 kV capacitor hank. The main discharge
circuit with the voltage- and current-measuring circuits are shown
in the schematic diagram in Fig. 1. The ringing frequency and calcu-
lated inductance of the discharge circuit were about 50 kHz and

0.16 \lR, respectively.

The construction of the voltage divider and compensating coil
are shown in Fig. 2. The high-voltage portion (high side) of each
divider was made from several resistors connected in series. Although
non-inductive resistors of the type described by Park and Cones [7]

are preferable, ordinary 2 watt carbon- composition resistors sufficed
for the present work. Three resistors in parallel were used for the
low voltage portions. The total resistance of each divider was about
1100 ohms. The divider ratios (about 200:1 with cable impedance in-

cluded) were matched to within 1 $>. The reactance of the compensating
coil was not a significant factor since its inductance was only about

10 |-lH and the frequency of the oscillatory discharge was only about

50 kHz.

The compensating coil was installed in the high side of Divider
No. 1. The coil (20 turns of No. 2k wire) was wound on a lucite rod
(l-l/2 in. dia. x 1-1/2 in. long), and mounted on a rotatable fiber
shaft. Stops limited rotation to l80° . An external dial with divisions
from 0 to 100 indicated the orientation of the coil, with the axis of
the coil parallel to the current path (the position of no compensation)
at 50* In practice, the coil was adjusted to the unique position in
which the coil- induced voltage was equal and opposite to the reactive
component in the measurement. At this point, simultaneous display
(on a dual-beam oscilloscope) of the current (i) through and the
voltage (e) across the sample showed similar, in-phase waveforms.
With the present setup, about four discharge experiments were required
to adjust the coil for results with 0<6 deg, where Ois the angular dis-
placement between E and I.

The divider probes (not shown), which were l/8 inch diameter brass
rods, were inserted at the positions indicated, in sturdy insulating
(Delrin), bushing assemblies. Firm electrical connection between the
probes and the circuit directly adjacent to the wire sample was insured
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by spring loading. The entire assembly was fixed rigidly on a thick
plastic sheet and mounted in a fixed position -with respect to the dis-
charge circuit. The rigid assembly prevented small changes in the
areas of the divider loops. Repeated adjustment of the compensating
coil was therefore not required when identical samples were used.

The divider signals were carried to the measuring oscilloscope
by shielded, concentric cables (see Fig. l). The cable sheaths and
fittings were insulated from the main circuit by Teflon bushings.
Grounding gaps (N2 neon tubes) were installed as shown in Fig. 1, in
order to prevent arcing within the divider and/or a safety hazard at

the ends of the cables when a discharge was fired with the voltage
probes connected, but without connecting the measuring cables.

The voltage attenuation provided by the system may be seen from
Fig. 3, which indicates the relative voltage levels of the various
points. For matched dividers.

where E^, E^ ,
an-d e

2
are 'the voltage drops indicated in the figure.

Therefore,

E
AB

=
( S1

" e2^ — =
( el

' e 2^ R2'
e
2

where the divider ratio = R^. With the use of differential ampli-

fiers, the monitoring oscilloscope displays (e - e^). The voltage
across the wire sample is therefore

E
AB

= CR0 VoltaSe x \ 2
-

Should the divider ratios R^ and R^ differ:

E
‘AO

1 ^0 ,= k 7

'1

where
k = h

R
2

'

then E
AB ^ kel

" e
2^ e^
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In this case, evaluation of E^-g requires a knowledge of "both of the

divider ratios, measurement of eq - e2 ,
and measurement of either eq

or ep. The percentage error A introduced to measurements "by divider

mismatch may "be determined from
A = (1 - k)

'1

(ke
1

- e
x 100.

CALIBRATION

Calorimetric experiments of the type described by Tsai and Park

[8] were performed in order to determine the accuracy of the voltage-
and current-measuring systems. A carefully machined Inconel tube was

used in place of the sample as the "resistance calorimeter. " The

temperature rise in the tube as a result of the capacitor discharge
was determined by extrapolating thermocouple readings to the time of
the discharge. It was estimated that, for the usual 20 deg C increase,

the temperature was determined with an error not in excess of 0.5$.
The heat was calculated as q =

(

McpAT, where M is the mass and c the

specific heat of the tube. With errors in the determination of M and

Cp of 0.1$ and 0.3 $ ( Cp measurement by Douglas and Victor [9l) respec-

tively, the energy calculated (q) was thought to be in error less than
1 $.

The measured voltage, current, electrical energy input, and in-
stantaneous power from one of the calibration experiments are shown
in Fig. 4. Effective cancellation of the reactive components in the
voltage measurements is evident; tne power curve and the slope of the
energy curve are always positive.

For the calibration, the electrical measurements were compared
with the heat measurements which were taken as the "standard. " The
total electrical energy input to the "calorimeter" (jj El dt) was de-
termined by integrating the simultaneous measurements of the voltage (e)

across and the current (i) through the "calorimeter" sample over the du-
ration (t) of the discharge. The ohmic heating

(J

T
I2R dt) was de-

termined from the current measurements and known resistance (r) of the
"calorimeter. " The results of several experiments are given in the
following table:

Me AT
p

,-T 2Li rat
J o

Deviation r Eldt
J 0

Deviation

joules joules from q joules from q

268 270 -K). 7$ 276 +2.9 $

412 4l6 +1.0 $ 423 +2. 7$

417 419 40.5$ 429 +2.9 $
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With the uncertainty in R less than 0.2% the error in the current
•T 2

measurements is estimated from the I I Rdt determinations to he less
, 0 o

than 1%. The error in the voltage measurements is estimated from the

J
T
EI dt results to he less than 2%

EXPLODING WIRE RESULTS

Preliminary discharge experiments with the "calorimeter" and with
aluminum rods showed that the proper setting of the compensating coil
was distinctly different with different samples. Identical wire
samples were therefore used in adjusting the coil for exploding wire
experiments. The voltage and current records from two of the coil-

adjusting experiments (with 0 = 2 deg and O - 2k- deg) are given in
Fig. 5. The first portions ("first pulse" and "dark pause") of the
voltage curves were not included in order to show the details of the
gaseous, second portion ("restrike") of the discharge where about 99 1°

of the energy was delivered. The extent of the errors introduced to

the energy and power calculations hy the rather large phase angle may
he seen from Fig. 6. The power curves differ, particularly during
the first half of the discharge. Also, the dashed power curve is at

times negative (indicated hy arrows). However, the energy curves are
similar, even with the 2k- deg displacement. For example, the total
energy for the interval from t = 0 through t ~ 20 psec as measured
with 0 = 2k- deg differed from that measured with 0-2 deg hy only
about 15 joules out of 1000 joules. The total energies determined
at the end of the discharge, which should of course he the same re-

gardless of $, differed hy about 3% (l,640 joules for <J> = 2^- deg and

1,595 joules for 0=2 deg). This difference may he attributed in
part to the difference in the energies stored hy the capacitor hank.

On the basis of these calculations, it was concluded that pre-
cise adjustment of the compensating coil is not always essential for
determination of total energy input to the sample if a large portion
of the final total energy has been delivered. However, more precise
adjustment of the coil is required for measurement of power, for de-

termination Of tg

Eldt where t^ and t are times (where I 0)

^ t

early in the discharge, or for measurement of I Eldt where t is a time
J n

(i^O) before much of the stored energy has been delivered (i.e.,

when a given error would he a greater percentage of the total energy
delivered to that point.

)

Energy and power determinations from experiments with energy
storage at three different voltages are given in Fig. 7* The re-

sistance of the exploding sample as a function of time from the 8kV
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experiment is given in Fig. 8. Since corrections for the reactive
component of the voltage were provided by the action of the compen-

sating coil, the resistance was determined directly from Ohm's law.

The resistance of the Inconel tube ("calorimeter"), which is also
shown in Fig. 8, was determined in the same manner as a check on the

method. The resistance of this tube, as measured by standard steady-

state methods, is 0.00153 ohms at 26° C and 0.00154 ohms at 50° C.

During the discharge experiment performed for Fig. 8, the temperature
of the tube rose from 20. 2° C to 4l.5°C. In the absence of skin ef-

fects (considered negligible under the conditions of the experiment),

one would expect the resistance of the tube to be between these values
The "calorimeter" resistance curve indicates a variation from about

0.00153 to 0.00l60 ohms, with larger deviations from the expected re-

sults during periods when E and I are small. The accuracy was re-

duced at these times because the measuring instrumentation was ad-

justed for viewing very large values of E and I. Further, since ®
was not exactly zero (O ~ 2 deg), the calculated instantaneous re-

sistance was periodically infinite (at I = 0), zero (at E = 0), and
negative. With both the wire and the tube sample, the curves were
not plotted in the vicinities of these points.

DISCUSSION

Rather than requiring a choice between applying corrections
and accepting more limited information, the present method provides
direct compensation for most of the induced effects. However, the
authors feel that errors may occur due to the changing (exploding)
sample. For more accurate measurements with a changing sample, one
may, for example, be limited to short intervals during which a given
setting of the compensating coil is nearly perfect ($> r; 0). Fortunate
ly, the present experiments, with a single coil setting, have shown
that the changes in sample geometry did not introduce large errors
during the "restrike" portion of the exploding wire experiments.
However, during the "restrike, " changes in the geometry of the hot
gas column (arc) were relatively insignificant, and adjustment of the
compensating coil to a single setting which provided adequate com-
pensation was a rather simple matter. During the early ("first pulse"
and "dark pause") portions of the explosion, the wire expanded from
1 to about 50 diameters with the present setup. With faster, higher
voltage systems, expansion may be even more rapid and more work may
be required to establish a reliable procedure for voltage measurements
particularly in cases where the discharge is non- oscillatory.

In the present work the errors in the voltage and current measure
ments are estimated, from the calibration experiments in the section
on Calibration, to be about 2 °jo and 1# respectively. The errors in the
energy and power calculations are thought to be less than 3 $. The
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exploding wire resistance determinations are in general agreement with
earlier results "by Reithel and Blackburn [10], Webb et al [ll] and
others

,
who have shown that the resistance of the wire first increases

rapidly as the temperature rises and as the interatomic distance is in-
creased by the rapid expansion of the wire material. According to

O'Day et al [12], the pressure of the expanding vapor soon (within a

microsecond or so) drops to the point where an arc forms and ionization
by impact produces ample carriers for the current. In Fig. 8, the
"restrike" follows and the resistance drops to a very small value where
it remains nearly constant for a relatively long period of about 30 psec
(from t = 10 |_isec to t « 40 psec). Recent calculated results (by a dif-

ferent method) by Good [13] show a similar behavior. The resistance
determinations during the "re strike" are thought to be accurate to the
same degree as those for the resistance "calorimeter," i.e. to a few
percent during the first half of the discharge and to about \°jo during
the latter half of the discharge when E and I are relatively small.
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Chapter B7

ANALYSIS OF HEAT CAPACITY DATA ON SOME
SELECTED LIGHT- ELEMENT COMPOUNDS

by George T. Furukawa and Martin L. Reilly

The low- temperature heat- capacity and high- temperature relative-

enthalpy data on additional substances of interest to the program
were analyzed and tahles of thermal functions calculated wherever
the data were found adequate. As described in previous reports,

high-speed digital computer methods were used in the analysis.

Briefly, the computation procedure involved smoothing the effective
Debye 0's obtained from the observed data after suitable scaling.

Smoothed heat capacities at regularly spaced temperature intervals
were then obtained from the smoothed Debye 0’s. The lower tempera-
ture limit of the heat- capacity data in many instances was about
50°K. For these substances the smoothed Debye 0

r s were suitably
extrapolated to 0°K and the heat capacities obtained. The thermal
functions were calculated from the smoothed heat capacities by nu-

merical integration.

The low- tempera+ure heat- capacity data and the high- temperature
relative- enthalpy data for many substances could not reasonably be
joined because of the large inconsistencies in the data. In some
of the cases, e.g. Na^TiO^, Na^Ti^O^, CaF^, etc., the two sets of

data could not be joined without placing a discontinuity in the
heat capacity. In these cases the upper temperature limit of the
table of thermal functions was made 300 ° K.

The substances and references to the data used in the analysis
are given in the following section. The substance, chemical formula,
and molecular weight are given first, followed by pertinent discus-
sion regarding the substance. Atomic weights of 1961 based on
C(12) were used throughout. Where necessary, the conversion of
energy units was made based on 1 calorie = A. iQhO joules.

Potassium Nitrate, KNO^, IOI.IO69

Tne low- temperature heat- capacity measurements of:

Southard, J. C. and Nelson, R. A., J. Am. Chem. Soc. 95, kQ6^>-h&69
(1933) Range: 16 to 296 ° K,

were compared with the high- temperature relative- enthalpy equation of:

Kelley, K. K.
, U. S. Bur. of Mines Bulletin 58 A, i960 .
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Because of large discrepancies in the two sets of data, smooth join-

ing could not he done without excessive adjustments in the data.

The table of thermal functions were, therefore, terminated at ^00°

K

for the present report.

Sodium nitrate, NaNO^, 84.99^-7

The low- temperature heat- capacity measurements on sodium nitrate,

NaNO
-

J ,
reported hy

:

Southard, J. C. and Nelson, R. A., J. Am. Chem. Soc. 55, 7865-4869

(1933) Range: l6 to 28 7° K,

were smoothed and joined with the relative- enthalpy equation given by:

Kelley, K. K. , U. S. Bur. of Mines Bulletin 584, i960 .

A table of thermal functions from 0 to 700° K was prepared.

Sodium Aluminum Meta- silicate (jadeite), NaAlSigOg or

l/2(Na20- Al20y4Si0 2 ), 202.1397

Kelley, K. K. ,
Todd, S. S.

, Orr, R. L. , King, E. G. ,
and Bonnickson,

K. R. , U. S. Bur. of Mines, Rept. Invest. 4955, 1953* Range: heat
capacity, 54 to 296 ° K. relative enthalpy, 298 to 1190°K.

reported heat measurements on jadeite, NagO* Al 20^» 4Si02 , covering the

two ranges of temperature given above. The two sets of data were
smoothed and thermal functions calculated.

Sodium Mbnotitanate, Na2TiO^, 141.8778

Heat capacities at low temperatures of sodium monotitanate,
NagTiO^, were determined by:

Shomate, C. H. , J. Am. Chem. Soc. 68 , 1634- 1636 (1946)
Range: 53 to 296 ° K.

The high- temperature relative enthalpy data reported by:

Naylor, B. F. , J. Am. Chem. Soc. 67, 2120-2122 (194-5)

Range: 298 to 1584° K,

were found to disagree by about 4 percent at 298 ° K with the low-
temperature data and could not be joined smoothly without excessive
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adjustment of the data. The table of thermal functions for NagTiO^
was, therefore, terminated for the present report at 300 ° K.

Sodium Dititanate, Na2Ti 20 ^, 221. 7766

Low- temperature heat- capacity measurements on sodium dititanate,
Dfo^T^Otp, were reported by:

Shomate, G. H. , J. Am. Chem. Soc. 68, 1634-1636 (1946)
Range: 53 to 296° K.

The high- temperature relative- enthalpy data of:

Naylor, B. F. , J. Am. Chem. Soc. 67 ,
2120-2122 (1945)

Range: 298 to 1579° K.

were found to be inconsistent with the low- temperature data by about

10 percent. The table of thermal functions of Na2Ti 20^
was, there-

fore, terminated at 300°K for the present report.

Sodium Trititanate, Na2Ti^0 y, 301* 6754

Heat capacities at low temperatures of sodium trititanate,
NapTi-jOy, were determined by:

Shomate, C. H. , J. Am. Chem. Soc. 68, 1634-1636 (1946)
Range: 53 to 296° K.

These data were smoothed and extrapolated to 0°K. The high- temperature
relative- enthalpy data reported by:

Naylor, B. F. , J. Am. Chem. Soc. 67 ,
2120- 2122 (1945)

Range: 298 to l68l°K,

were found to disagree considerably (about 10 percent) with the low-
temperature data at 298 ° K. The two data can not be joined smoothly
without excessive adjustment of the data. The upper temperature limit
of the table of thermal functions for Na2Ti^0 y

was, therefore, made
300° K.

Cesium Perchlorate, CsCtO^, 232.3556

Pitzer, K. S. , Smith, W. V., and Latimer, W. M. , J. Am. Chem. Soc.

60 ,
1826-1828 ( 1938 )
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investigated cesium perchlorate, CsClOjp from 15 to 292°K. The
sample was prepared from "c.p. " grade cesium nitrate and iodo-
chloride by addition of dilute perchloric acid solution. Chemical
tests showed absence of appreciable amounts of nitrate or iodo-
chloride and spectrochemical tests showed absence of other alkali
metals.

Calcium Hydroxide, Ca( 0H) 2 _>
74. 09474

The heat data on Ca(0H)2 reported by:

Kobayashi, K. ,
Sci. Rept. Tohoku Univ. (l), 34, 153-159 (1950)

Range: 314 to 670°K.

and

Hatton, W. E.
,
Hildenbrand, D. L. ,

Sinke, G. C. ,
and Stull, D. R.

,

J. Am. Chem. Soc. 8l, 5028- 5030 (1959) Range: 19 to 330°K.

were joined smoothly.

Calcium Fluoride, CaF2 ^ 78 .

0

768

Heat data from the following sources were examined:

Eucken, A. and Schwers, F. ,
Ber. deut. physikal, Resell. 15 ,

578-588 (1913) Range: l8 to 86°K.

Todd, S. S. , J. Am. Chem. Soc. 71, 4115- 4ll6 (1949)
Range: 54 to 296 ° K.

Krestovnikov, A. N. and Karetnikov, G. A., Legkie Metal. 4, 16-18

(1934) Range: 288 to 1273° K.

Lyashenko, V. S. ,
Metallurg. (USSR) 10, 85-98 (1935)

Range: 291 to 14-90° K.

Naylor, B. F. , J. Am. Chem. Soc. 67 , 150-152 (1945)
Range: 298 to 1789°K.

Because of the large (about 6 percent) discrepancy of the data in

the temperature range (298°K) where the low- and high- temperature
measurements meet, the present table of thermal functions was
terminated at 3j00°K

.
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Strontium. Oxide, SrO, ±03. 619 k-

Heat data reported by:

Anderson, C. T. , J. Am. Chem. Soc. _57, 429-431 (1935)
Range: 58 to 298 ° K.

•were smoothed and extrapolated to 0°K.

Barium Fluoride, BaFg, 175»3368

Low- temperature heat- capacity measurements on barium fluoride,
BaF2 _>

were reported by:

Pitzer, K. S. , Smith, W. V. , and Latimer, W. M. , J. Am. Chem. Soc.

60, 1826-1828 (1938) Range: l4 to 301°K,

and the high- temperature relative- enthalpy data were obtained by:

Krestovnikov, A. N. and Karetnikov, G. A. ,
Legkie Metal. 3; 29-31

(1934) Range: 288 to 1273° K.

These data were smoothed and a table of thermal functions
calculated to 1300°K.

Silicon, Si, 28.086

The precise low- temperature heat- capacity measurements reported
by:

Flubacher, P. ,
Leadbetter, A. J. ,

and Morrison, J. A., Hail. Mag. 4,

273-294 (1959) Range: 7-7 to 300°K,

was joined with the heat capacity calculated from the enthalpy
equation given by:

Kelley, K. K. , U. S. Bur. of Mines Bulletin 584, i960 .

Silicon Carbide, SiC, 40.09 713

Both hexagonal (type II) and cubic forms of silicon carbide,

SiC, were investigated by:

Humphrey, G. L. , Todd, S. S. , Coughlin, J. P. , and King, E. G.

,

U. S. Bur. of Mines, Rept. Invest. 4888, 1952.
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The hexagonal form was investigated from 54 to 1789° K and the cubic

form from 54 to 1695° K. The data for the two crystalline forms of
SiC were smoothed and thermal functions calculated.

Germanium, Ge, 72.99

Low- temperature heat- capacity measurements have been reported
by:

Cristescu, S. and Simon, F. , Zeit. phys. chem. 25B , 273-282 (1934)
Range: 10 to 200 °K.

Hill, R. W. and Phrkinson, D. H. , Phil. Mag. 43, 309-316 (1952)
Range: 5 to l60°K.

Estermann, I. and Weertman, J. R. , J. Chem. Phys. 20 , 972-976 (1952)
Range: 20 to 200°K.

Keesom, P. H. and Pearlman, N. , Phys. Rev. 91* 1347-1353 (1953)
Range: 1.5 to 5*0°K.

Flubacher P. ,
Leadbetter, A. J.

,
and Morrison, J. A. ,

Phil. Mag.

4, 273-294 (1959) Range: 7.7 to 300°K.

Piesbergen, U. ,
Zeit. Naturforsch. l8A, l4l-l47 ( 1963 )

Range: 12 to 273° K.

The heat capacity calculated from the high- temperature enthalpy
equation given by:

Kelley, K. K. , U. S. Bur. of Mines Bulletin 584, i960 .

was joined with the precise values reported by Flubacher et al .

Lead Ortho-phosphate, Fb^(P0^) 2 * 811.5128

Pitzer, K. S. ,
Smith, W. V. ,

and Latimer, W. M. , J. Am. Chem. Soc. 60,
1826-1828 ( 1938 ) investigated lead ortho-phosphate, Pb^(P0ij_) 2 , from

l6 to 292°K. The sample was prepared from "c.p. " grade lead acetate
and NagHPO^ by mixing hot dilute solutions of the two salts with
vigorous stirring. The Pb^(P04 ) 2 precipitate was washed thoroughly

and dried at 300° C. Lead content of the sample was by electrolytic
analysis, within 0.2 percent of the theoretical amount.
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Vanadium Monoxide, VO, 66.9^1^-

Vanadium monoxide, VO, was investigated “by:

Todd, S. S, , and Bonnickson, K. R. , J. Am. Chem. Soc. 73, 389^-3895
(1951) Range: 35 to 296° K.

and

Orr, R. L. , J. Am. Chem. Soc. 76, 857-858 ( 1954 )

Range: 298 to l698°K.

The same VO sample was used in the measurements by the above authors.
In the preparation of the sample, a mixture of and vanadium metal

was heated in hydrogen atmosphere at 1350° C with intermittent grinding
of the material to -325 mesh. The final product was taken to be 98.2
percent VO on the basis of vanadium content. The impurities were
Si: 0.92$, FegOj + Alfly. 0.10% and Ite^O: 0.23% The "hump" ob-

served in the heat capacity in the range l68 to 191°K was attributed
to VgO-z, impurity. No correction was applied for its presence.
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Chapter B8

ARC -IMAGE RESEARCH

J. J. Diamond and A. L. Dragoo

Rate of Vaporization of Liquid Alumina
in Inert Gases

The bubbling phenomenon when molten Alg 03 freezes in the presence
of water vapor was described in NBS Report 7587. This phenomenon was
not observed when Alg 03 froze in the presence of ^ ^ He,

,
Ar,

air, or water vapor. The average rate of weight loss of molten Al^ 03
in atmospheres of Ar and of Hg 0 (1 atm. ambient pressure) was given in
NBS Report 8186. However, there was considerable uncertainty involved
in these results due to the small weight losses and to the fact that

steam was flowed pass the sample in the water vapor experiments causing
possible transpiration.

In order to redetermine whether water vapor might increase the
rate of vaporization preliminary experiments were carried out at lower
pressures. The results are given in Table I along with the rate of

vaporization in vacuum for comparison. A decrease in the pressure of

He would probably result in a rate of vaporization near that for vapori-
zation in water vapor. Consequently, it appears that the rate of

vaporization depends mainly on the ambient pressure and secondarily,
if at all, on whether water vapor is present.

Temperature Measurement

The measurement of the apparent temperature of molten alumina in

a solar furnace has been discussed by Diamond and Schneider [1]. The
situation of our arc-image furnace is very similar, but complicated by
the fact that there is much more stray radiation in the enclosed image
chamber. The furnace is fitted with a shutter at the cross-over point
which cuts off the energy to the sample chamber 1800 times per minute.
Between the specimen and the pyrometer there is a rotating sector disc
which can be manually synchronized with the shutter, so that tempera-
ture is measured during that portion of the cycle when there is no
reflected energy error. Alternatively, the shutters can be de-synchro-
nized, and the apparent temperature measured by sighting on the glare
free area of the molten alumina surface as described in reference [1].

The temperature of molten alumina as measured by these two techniques
is essentially the same for large, thick drops, but important differences
appear for thinner drops. Table II shows the difference in apparent
temperature as a function of drop thickness. It is suggested that large
drops, whose thicknesses are greater than about 3.5 mm, are sufficiently
thick that no radiation reflected from or emitted by the liquid-solid
interface can penetrate the liquid to reach the pyrometer; that is, they
are "infinitely thick" and essentially opaque to transmitted radiation
[2]. Since the specular reflections from the air-liquid interface are
substantially eliminated by either technique, the apparent temperatures
are essentially the same and equal the true "brightness temperature" of

the molten alumina

137



Molten drops of less than "infinite thickness" permit some stray
radiation reflected by the liquid-solid interface to penetrate the
liquid to reach the pyrometer. The thinner the drop, therefore, the
greater will be the difference between the two temperatures measured.
The variation in temperature difference also will be greater with
thinner drops because the amount of energy reflected by the liquid-
solid interface into the pyrometer will depend on the angle it makes
with the line of sight.

To eliminate all ref lec ted -energy errors, therefore, the
temperatures of thin drops must be measured using synchronized shutters.
The temperatures thus measured, it is evident, will consist of two
components: one due to the liquid-solid interface (which is at the
melting point of alumina, by definition), whose magnitude varies in-
versely with the drop thickness, and one due to the molten alumina
itself, whose magnitude varies directly with the drop thickness. We
do not at present have techniques for separating these two components
to arrive at the temperature of the liquid. We suggest that it might be
best to measure temperature by viewing from the side, rather than
head-on: This will eliminate the liquid-solid interface from the line
of sight and present a depth of liquid alumina sufficient to give a

true brightness temperature in many cases. Care should be taken to

view the liquid at an angle no greater than about 55° with the normal
to the surface, since at greater angles the spectral emissivity rapidly
decreases

.

Gardon [2] has discussed the emissivity of transparent materials
in terms of a "dimensionless thickness," Y\X, where Y\ is the absorption
coefficient and X is the thickness, and has given 3.5 as the "dimension-
less thickness" at which materials can be regarded as "infinitely thick,"
or opaque. Since we have found that 3.5 mm of molten alumina is

"infinitely thick" to light of the pyrometer wavelength, its absorption
coefficient at .66p should be about 1.0 mm-1 . Gryvnak and Burch [3]

have found the absorption coefficient of solid sapphire just below the

melting point to be about 0.02-0.03 mm-1 at this wavelength and state
that it increases discontinuously by a factor of about 30 or 40 when it

melts. This would give a value of about 0.6 -1.2 mm-1 for molten alumina,
consistent with the 1.0 mm-1 deduced above.

Given the brightness temperature of liquid alumina one can correct
for emissivity to obtain the true black-body temperature. One can

calculate the emissivity from the reflectivity of the air-liquid alumina
surface, which depends on the index of refraction of the liquid alumina.
The index of refraction of molten alumina is not known. Malitson [4]

measured it for sapphire at 24*C and found r^(.65p.) = 1.765, with a

positive temperature coefficient of 1.3 X 10“ 6 °C“ 1
. Jeppesen [5] found

r^, = 1.765 and ne = 1.757, with positive temperature coefficients of

1.36 and 1.47 X 10_5o CT 1
,
respectively. The average index of the solid
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at the melting point is thus 1.79. This leads to a reflectivity of .08

and am emissivity of .92. Gryvnak and Burch estimated that the index of

refraction of sapphire increases by .05 (+.01, -.03) from room tempera-
ture to 1700°C. This also leads to an emissivity of .92.

Vapor Pressure and Heat of Vaporization
of Liquid Alumina

Table III shows some data obtained on the rate of evaporation of

molten alumina in vacuum. Only large drops were used and the temperatures
were measured using synchronized shutters and are corrected for the
attenuation due to sector disk, prism and window, and a spectral emissivity
of .92. The samples were weighed before and after heating in order to

obtain the mass evaporated. Evaporing areas were measured after solidi-
fication and corrected for area expansion on melting on the basis of density
data for liquid alumina determined by Kirshenbaum and Cahill [6]. The
equation D = 5.617 - .001144T was used, where D is density in g cm-3 and
T is temperature in °K. This was obtained by a recalculation of their
results based on clarification of their procedure for temperature
correction [7] and a leas t -squares analysis of the adjusted data.

The vapor pressures shown in Table IV were calculated from the

measured rates of vaporization assuming that the molten alumina
evaporated to 2Al(g) + 30(g) with a vaporization coefficient of one.

The third law method was used to calculate the heats of vaporization,
using the free energy functions given in the JANAF Thermochemical
Tables [8]. The heat of vaporization calculated from the thermodynamic
data published in the same tables is 708.0 kcal mol-1 .
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Table I

Rate of Vaporization of Molten Alumina as a Function

of Ambient Pressure

GAS TEMP.

(°K)

AMBIENT GAS PRESSURE
(atm.

)

RATE OF VAPORIZATION

(pg cm-

2

sec" 1
)

Vacuum 2550 0.000 75.

^ 0 2407 0.024 2.4

^0 2455 0.024 6.1

^5 0 2467 0.025 6.2

He 2476 0.049 3.8

He 2433 0.076 2.5

Ar 2460 1.000 0.04

140



TABLE II

Apparent Temperatures of Molten Alumina in Air in an
Arc -Image Furnace

Shutters
Synchronized

°C

2135

2146

2130

2162

2148

2146

2130

2095

2097

2100

2114

2056

Shutters not
Synchronized

°C

2137

2148

2141

2.75

2166

2164

2157

2125

2137

2141

2164

2169

Difference
°C

2

2

11

13

18

18

27

30

40

41

50

113

Thickness of

molten drop
mm

4.6

3.5

2.8

3.2

2.9

2.7

2.9

2.4

2.3

2 . 2

1.5

1.3
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TABLE III

Rate of Vaporization of Molten Alumina

in Vacuum

Temp

.

°K

Heating
Time
sec

.

Mass
Evaporated

mg

Evaporating
Area
cmd

Rate of

Evaporation

g cm-

2

sec-1 X 105

2606 397 34.580 0.82 10.673

2554 380 28.926 1.37 5.538

2535 431 25.737 1.25 4.773

2575 375 29.838 1.02 7.818

2559 390 25.595 1.18 5.554

2493 400 14.629 1.40 2.608

2559 360 30.821 1.10 7.756

2579 380 35.089 1.37 6.733

2577 350 22.788 0.82 7.919

2546 355 19.566 1.01 5.461
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TABLE IV

Vapor Pressure and Heat of Vaporization of

Molten Alumina

Temp

.

°K

Pressure (Al)

A tm . X 1

Pressure (0)

Atm. X lCP

log

Equilibrium
Cons tant

Heat of

Vaporization
£^(298°)
kcal mol-1

2606 12.52 14.47 -24.32 727.8

2554 6.43 7.43 -25.77 730.4

2535 5.52 6.38 -26.10 729.0

2575 9.12 10.53 -25.01 727.3

2559 6 . 46 7.46 -25.76 731.6

2493 2.99 3.46 -27.43 732.2

2559 9.02 10.42 -25.04 7 23.3

2579 7.86 9.08 -25.34 732.4

2577 9. 24 10.67 -24.98 7 27.5

2546 6.33 7.32 -25.80 728.6

Mean ^(298°) = 729.0 kcal mol" 1

Standard Deviation = 2.8 kcal mol 1

Standard Error = 0.9 kcal mol-1
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Chapter B9

USE OF THE ROTATING BOMB CALORIMETER FOR THE REACTION OF A METAL
WITH ACID, A CONTRIBUTION TO THE THERMOCHEMISTRY OF BERYLLIUM

by George T. Armstrong and Charles F. Coyle

1. Introduction

The rotating bomb calorimeter was specifically designed [l] for
combustion reactions in which is formed a liquid phase which must be

made homogeneous in order to establish a well defined thermodynamic
state for the products of reaction. In principle, there is no reason
the rotating bomb calorimeter could not be used equally well for
other solution processes in which a liquid phase must be made homo-
geneous. Nor is there any reason that the results should not be as

accurate as are given by the bomb combustion process provided the
solution process is as carefully analyzed as the combustion process
has been, and appropriate corrections made for deviations of the actual
process from the standard state reaction. In practice, a severe limita-
tion is readily recognized: that the energy equivalent of the bomb
calorimeter is very large (typically of the order of 15 kJ deg

-1
) , while

the energies of many reactions of substances leading to solutions in

quantities small enough for the bomb are only a few kilojoules, or a

fraction of a kilojoule. Thus the precision of which the calorimeter
is capable is lost because of the loss of relative accuracy in measuring
the temperature rise Q

The solution of a metal in an acid is a reaction potentially suit-
able for the rotating bomb. In some cases at least, the amount of heat
liberated is appropriate to operate the calorimeter in Its normal
temperature interval. Also, the bomb provides a suitable closed space
in which the hydrogen liberated from the acid can be retained, so that
it and the solution formed are in well defined thermodynamic states at

the conclusion of the reaction. The hydrogen formed as a result of the
reaction is available for analysis as a verification of the amount of

reaction.

There has been under way in our laboratory a study of the heat of
formation of beryllium fluoride by direct combination of the elements,
which is reported elsewhere in this report [2], The dissolution of the
metal in acid appeared to be a relatively simple way to provide con-

firmatory evidence, independent of the heat of formation of BeO, upon
which other acid solution calorimetery of BeF20 depends [3*4]

•

The
study of the solution method, as thus far carried out in the rotating
bomb calorimeter and described in this report, while not definitive in

its treatment of beryllium fluoride because of certain incompletely re-

solved features of the experiment, provides ample justification for the

belief that the procedure can be made applicable to many substances for
which an appropriate solvent can be found.
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Of special interest in the thermodynamics of refractory materials
and other high temperature substances is its potential applicability
to alloys and to intermetallic compounds. When applied in a carefully
designed study of the separate metals and the alloy or intermetallic
compound, the precision of the bomb calorimetric technique should
allow distinction of the generally small heat involved in the inter-
action of the metals.

The heat of solution of beryllium in aqueous hydrofluoric acid
was studied in the experiments which are described here. A series of

test measurements were carried out to establish the validity of the

measurements. The resulting data were combined with the heat of

solution of BeFp determined by Kolesov et al, [3] to calculate the
heat of formation of BeF2 (c), for comparison with the heat of formation
of BeFq as determined by direct combination of the elements in this
laboratory [ 2 ].

2. Calorimetric Instruments

The measurements were made with a rotating-bomb calorimeter,
designated RBC-1, and a platinum-lined rotating bomb, designated RB-2.
These instruments were made in the National Bureau of Standards (NBS)

shops following generally the Argonne National Laboratory designs [5]

with some minor modifications. This calorimeter is described in some-
what more detail in Part A of this report in the section entitled
"Combustion and Reaction Calorimetry of Fluorine and its Compounds" [ 65 ].

The jacket temperature was maintained constant within a few thousandths
of a degree by a mercury-contact regulator. The sensitivity of the
regulator was increased by a tapping device which markedly reduced the
range between make- and break-contact.

Temperatures of jacket and calorimeter were measured with a G-2
Mueller bridge (NBS 19742) and a fast-response platinum-resistance
thermometer (Serial No. 283) having a single-coil resistance element
with a nominal ice-point resistance of 25.5 ohms.

The individual heat measurements were carried out following a pre-
scribed program, timed by NBS standard second signals which are con-
verted to an audible signal, and by a printing timer which operates on the
NBS standard 60 Hz signal. Resistance measurements in the initial and
final drift periods were made at one-minute intervals as indicated by
the odd second of the standard second signals. Times at which the re-
sistance reached prescribed values during the rapid temperature rise
were recorded to 0.0001 minute. The two timing devices were synchronized
during the experiment.
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For the calibration experiments the calorimeter and bomb were
used in their normal configurations for oxygen-combustion experiments.
Several minor changes were made for the reaction experiments involving
the metal and acid. Because the reactions were initiated with the
bomb upright rather than in its normal inverted position, an extension
of the fuse connection external to the bomb in the calorimeter was re-
quired. This consisted of a small copper wire weighing 0.1564 grams
and a plastic tape weighing 0.0445 grams. The connecting device for
the platinum fuse inside the bomb was slightly modified and the
crucible gimbal was removed for the reaction measurements. Different
crucibles were used for calibration and reaction measurements. The
crucible for the reaction measurements was somewhat deper and had a

small gold button soldered to the edge of the bottom. It was closed
by a loose fitting Teflon stopper. The interior arrangement of the
bomb for the reaction measurements is illustrated in Figure 1,

Corrections were made to the energy equivalent for the differences
in the calorimeter as used for calibration and reaction measurements.

In the calibration experiments the reaction was initiated by a

fuse and cotton thread arrangement. For the reaction experiments,
platinum wire 0,003 inches in diameter, fastened to the upper rim of

the crucible, was used to support the crucible against the gimbal
holder and was fastened at one end to the fuse lead. Passage of an

electric current through the platinum wire (i. Figure 1.) fused it

dropping the crucible, E, into the solution, A. Another platinum
wire, K, connected to the crucible support was wound around the gold
button on the crucible base. It served as a snubber, and tipped the

falling crucible over, thus spilling out the Teflon stopper, F, and

the contents of the crucible. This mechanism for initiating reaction
required few changes in the bomb and its fittings, and was found to

work without fail.

3 . Preliminary Experiments and Tests of Procedures

A. Initiation of reaction should not be by rotation .

An obvious application of the rotating feature and the falling
crucible feature of the rotating bomb calorimeter to the dissolution

of metal in acid is to use them to initiate the reaction. Two

experiments were sufficient to indicate that this is not a satisfactory
procedure.

For these experiments the crucible was loaded with one gram of

beryllium. To initiate reaction the bomb was rotated, dropping the

crucible from its gimbal into 50 grams of aqueous acid solution on

the first revolution. Reaction occurred and proceeded rapidly? how-

ever, it did not terminate sharply. In the first experiment, ten minut
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D

Figure 1, Preliminary Crucible and Fuse Arrangement
for Heats of Reaction of Metal in Aqueous
HF in Rotating Bomb

A, aqueous HF solutions B, bomb wall; C, platinum
liner; D, metal powder; E, platinum crucible, F, Teflon
stopper; G, gimbal holder; H, platinum wire gimbal;
I, platinum wire fuse; J, platinum fuse holder;
K, platinum snubbing wire.
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after reaction the temperature drift rate was higher than normal
by about 7 x 10" 5 ohms min

-
-*- and after 40 minutes was still changing.

In the second experiment the drift rate was about 25 x 10“ ^ ohms
min-x higher than normal ten minutes after initiation of reaction,
and continued to decline for an hour. In contrast with this behavior,
the drift rate reached its final steady state by ten minutes after
ignition, when the procedure was modified to initiate reaction by
fuse, without immediate rotation, as described in Section 2.

The cause of the anomalous behavior when the reaction was
initiated by rotation was not definitely established. We suggest
the following plausible explanation. On rotation of the bomb, the
solid powder falls ultimately on the lid which contains crevices
around the edge, around the electrode supports, and in the valve
openings. Powder falling into these crevices may be expected to
deplete the nearby acid or, by formation of bubbles, be separated
from the body of liquid. Thenceforth its reaction could be quite
slow. It was this line of reasoning which led to the successful
arrangement. This consisted of dropping the crucible, without
rotation of the bomb, on the smooth bomb floor, where it was allowed
a reasonable time for complete reaction before rotation was begun,

B. Air must be purged from the bomb .

Two heat measurements, not listed in the tables of experimental
results, were carried out in which beryllium was dissolved in acid
in a bomb still containing the air that was in it at the time it

was closed. These two experiments gave hydrogen yields low by 8.0
and 5.3 percent, respectively. Apparently under the conditions of
the reaction of the metal, the hydrogen formed may react with free
oxygen to the extent that it is present. A calculation of the
amount of oxygen in the bomb showed that the smaller deficiency of
hydrogen could largely be accounted for in this way. For later
combustion experiments, therefore, the air in the bomb was displaced
by helium after closing the bomb. The immediate effect of this pro-
cedure was to increase the recovery of hydrogen to over 99 percent
as shown in table 1. Purging time of the bomb was 20 to 25 minutes
and the rate of flow of helium used was about 400 cc min

-
-*-.

C. Metal powder must be protected from HF vapors in the bomb .

Prior to initiation of the principal reaction, if the metal is

exposed to the gases in the bomb, the small amount of acid in the
vapor phase reacts with the metal. This fact was demonstrated by
carrying out blank experiments in which the bomb was loaded, and
purged of air, and the amount of hydrogen formed was measured,
without carrying out a solution reaction. In purging the bomb.
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Table 1

Recovery of Water in the Hydrogen Analysis Train

Source of H„0 Recovery Note Source of Ho0 Recovery Note

(*) (*)

Water introduced 99o372 Reaction HF-Be(4) 99.348 B

99,946 (5) 99.659 B

99.942 (7) 96.781

Pre Reaction .14
0 12

.054

B
B

(8)

(9)

98.662
99.034

(10) 99.220
(11) 99.390

Reaction, EF-Al 96.863 (12) 98.208 C

98.651 (13) 99.098
99.422 (14) 99.446
99.421 (15) 99.917
99.721 (16) 98.885
99.224 (17) 88.539 G

Reaction HF-Be(l) 91.95 A,B

(2) 94.66 A,B

Note A: Bomb was not purged of air 0

Note B: No lid on crucible.

Note C: Loss of hydrogen observed.

Within each group the order is chronological, however the groups are

not chronologically arranged. Also some experiments in which gross
errors occurred are not listed.
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helium passed through it at a rate of about 400 cc min
-

-'- for one
hour during which the gases passed through a hydrogen collection
train. Thereafter, the bomb was closed, and the train was flushed
with helium overnight following the usual procedure for collecting
hydrogen. Besides the evolution of hydrogen, the formation of a

crust on the beryllium powder gave evidence of pre-ignition reaction.
The blank measurements of hydrogen were used later as a quantitative
measure of pre-ignition reaction for estimating a correction to the
observed heat of reaction. In the blank experiments, the amount of
hydrogen recovered as water was 0.12 and 0.14 percent of the total
hydrogen equivalent of the sample when the crucible was left un-
covered. Covering the crucible reduced the amount of hydrogen to

0.054 percent. These measurements of pre-ignition reaction are
listed in table 1.

D. Collection of water as a measure of the amount of reaction has
not yet been made quantitative .

As a result of the tests so far carried out, the collection of
hydrogen is not quite complete, based on the weight and composition
of the beryllium sample. In addition to the preliminary tests and
the heat measurements using beryllium, further tests on collection
of hydrogen were made using pure hydrogen gas and others using
aluminum metal. These tests are described in more detail in
Section 7. In the case of hydrogen gas the effect of impurities was too
large, because of the difference in molecular weights, to allow an
accurate calculation of the weight of hydrogen corresponding to a

given amount of water collected. In the case of aluminum, the hydrogen
collected was low by an amount comparable to that in the beryllium
experiments. The deficiencies observed with the metals apparently
represent inadequate control of some factor in the hydrogen analysis
scheme j though the possibility of an unknown side-reaction has not
been entirely ruled out.

E. Heat of rotation is not seriously complicated by the solutions
in the bomb.

Temperature drift rates of the calorimeter were studied under
several conditions associated with the experiment, in order to establish
whether any anomalous behavior was associated with the comparatively
large amounts of liquid in the bomb, and whether evidence of reaction
in the solutions or between solutions and bomb could be observed.
These tests were negative. The heat-leak modulus a of the calorimeter
has an average value near 235 x 10

-
5 min- -'- with a standard deviation

of 1 or 2 x 10“ 5 min
-

-'-. The effect of rotation of the empty bomb
during the final drift but not during the initial drift is to reduce
the value of a calculated from the initial and final drift rates
2 x 10“ ^ min“£ below that with the bomb not rotating during either
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interval. With the aqueous HF solution (50 grams) in the bomb
the constant calculated in the same manner, with the bomb rotating
in the final period, was reduced 3 x 10“ 5 min

- ^ below that for the
empty stationary bomb. These changes, while apparently real are
not very significant in view of the normal fluctuations in a. The
calorimeter showed similar values of a in calibration and in measure-
ments of the heat of solution of beryllium. The constant a had the
mean value 236,3 x 10” ^ min

-
-'- and a standard deviation of

2,0 x 10” ^ min
-

^- in 4 calibration experiments. Excluding one experi-
ment (No. 7) in which an unusually high final drift rate was observed,
the constant a had a mean value of 234*3 x 10” ^ min”^ and a standard
deviation of 2.1 x 10“ 5 min“^ in 12 measurements with beryllium and
acid in the bomb. Except in experiment No. 7, no unusual drift rates
of the calorimeter were observed. The calorimetric process thus
appears to be without complications of unexplained side reactions or
incomplete reactions.

4* Materials for the reaction .

Beryllium .

Beryllium metal in powder form was obtained from two commercial
sources, and both samples were used in the experiments. The samples
were the same as those used by Churney and Armstrong [2] for com-
bustion in fluorine, and are described in more detail in the reference
cited. The largest quantity of material was that labelled Sample BB
which was the less pure and more finely divided of the two. Sample BB
was used for the preliminary experiments and the first series of
measurements. Sample NM was used for a final short series of measure-
ments. The analyses of the samples are shown in Table 2, in which
the reactive Impurities are indicated in the forms in which they were
presumed to be present.

Safety precautions used in handling beryllium .

Because of the extreme toxicity of beryllium [7] the metal powder
and the aqueous solutions resulting from reaction were handled with
great care. Prior to the experiments the beryllium metal powder had
previously been portioned in samples of about one gram into small
polyethylene vials having snap-on caps. This process was carried out
in a dust box 0

To transfer beryllium from the vial to a crucible for the reaction
experiments, the crucible and vial were manipulated in a plastic bag
to prevent accidental dispersal of dust. Both the crucible and vial
were weighed before and after the transfer in order to have knowledge
of possible losses as well as to weigh the sample. Mass balance errors
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Table 2

Composition of Beryllium Samples

Sample BB

Constituent Contribution per gram of sample

Wt,g HF,equiv. HqO, moles H^,moles ah, j

Be 0.988579 0.219387 - 0.1096935 Q

BeO .007252 .000580 .000290 - -29.0

Be^C .002000 .000266 - .0001330 -54.4

Ee
3
N
2

.000393 .000043 - .0000215 - 5.0

Metals
3

.001776 .000133 - .0000665 -14.7

Totals 1.000000 0.220409 .000290 0. 1099145 -103.1

Sample NM

Const ituent Contributi en per gram of samele
Wt,g HF,equiv. RjOpioles H^,moles ah, J

Be

BeO

Be
2
C

Be
3
N
2

Metals

0.997372

.001302

.001252

.000008

.000068

0.2213382

.0001041

.0001667

.0000008

.0000071

.0000521

0.1106691

.0000833

.0000004

.0000036

Q

- 5.21

-34«05

- .10

- .65

Totals 1.000002 0.2216169 .0000521 0 o 1107564 -40.01

a. Other metals are (micrograms per gram): Mg(lOO) , Af(436),

Si(83), Ca(50), Mn(56), Fe(795), Cu(50), Ni(90), Pb(5),

Mo (10), Or (90), Others (ll).

b. Other metals are (micrograms per gram): A£(l6), Si(l7),

Mn(8) , Fe(l3 )

>

Cu(8), Ni(5), Cr(l).
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ranged from 0.09 to 0.49 mg. In the unlikely event that the mass
unaccounted for had escaped into the room, the average concentration
would not have exceeded 2.5 x 10

-tl gm~^.

After an experiment the solution remaining in the bomb when the
hydrogen had been purged out was poured into a polyethylene bottle
in a laboratory sink by an operator wearing rubber gloves. The bomb
was rinsed two or three times and the rinsings were added to the
bottle. The solution in the bottle was neutralized with sodium
hydroxide solution, and packaged for later disposal by the NBS safety
office.

Hydrofluoric acid .

The hydrofluoric acid solution used as a solvent was prepared
from Reagent Grade aqueous stock solution labelled as assaying
48,0-51.0 percent HF. The acid was diluted to about 25 percent
(12.5 meq HF/g solution). Two batches of HF solution were used in

the experiments, respectively containing 25.15 and 25.72 percent
HF by weight.

Solutions used in the experiments were standardized by titrating
with a direct-reading, continuous-indicating pH meter having a range
0-14 pH and a sensitivity of 0.01 pH, using a glass electrode to
determine the end point.

The hydrofluoric acid solutions were stored in polyethylene
bottles and standardized in polyethylene beakers. For standardiza-
tion, a sample of about one gram was weighed accurately from a poly-
ethylene weighing bottle and diluted to 50 cc. This was titrated
against standardized NaOH solution using methyl red indicator to
determine an approximate end point (about pH 6), at which point the
glass electrode of the pH meter was introduced for determining the
final end point 0 This concentration of HF is too low to attack the
glass electrode.

Sodium hydroxide solutions for titration of the HF were
standardized against potassium acid phthalate, NBS Standard Sample

84g, which had been previously dried and weighed,. Two NaOH solutions
of concentrations 0.26217 N and 0 o 3855N, respectively, were used.

5. Calibration of the Calorimeter .

The calorimeter was calibrated by combustion in oxygen of
benzoic acid, NBS Standard Sample

Q
39i, for which the energy released

in the standard bomb process, -AUg, is 26434 J g“^. The four experi-
ments used to determine the energy equivalent of the calorimeter are
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summarized in Table 3. The experiment number; corrected temperature
rise, ARC ; mass of benzoic acid, ms ; fuse energy, q^; correction of
the heating ^alue of benzoic acid to the conditions of the experi-
ment, AUg-AUg; correction of the calorimeter energy equivalent to the
standard calorimeter, Aeg; and the calculated energy equivalent of
the standard calorimeter. Eg, are given in Table 3. For these
experiments the standard calorimeter was taken to be the calorimeter
can with its stirrer, rotation shaft, heater, and water sufficient
to make a total of 4930 g, the calorimeter cover, the thermometer
partially immersed, the fuse connector, and the bomb with its
standard contents and rotating mechanism.

For the benzoic acid experiments, in addition to its standard
contents, the bomb contained the combustion sample, approximately
30 atm. oxygen, one gram of water, a platinum fuse connector, a

stainless steel fuse connector, and a platinum crucible and gimbal.
Auxiliary data used in making the corrections are listed in Table 4«

6 0 Experimental Procedures for Beryllium-Ac id Reactions .

Other sections of this report outline or allude to many details
of the procedure. In this section we give a general description
of the procedure with references to other relevant sections.

Prior to an experiment the hydrofluoric acid solution was weighed
and placed in the bomb. The sample of about one gram of beryllium
metal was weighed into its crucible, using a safety technique described
in Section 4* The bomb head and crucible were arranged as described
in Section 2, and as illustrated in Figure 2. The bomb was closed,
connected to a helium source, and purged for 20-30 minutes, using
about 400 cm-^ min“l of helium. It was then placed in the weighed
calorimeter for the heat measurement.

The heat measurement followed a normal pattern of initial drift
period, fuse ignition, rapid temperature rise, initiation of rotation,
and final drift period. The resistance bridge was used in the N-only
mode for most of the drift measurements and the rapid temperature
rise. A check of the N-R difference was made at one point in each
drift period, and any change observed was used to calculate a correc-
tion to the temperature rise for the change of the thermometer leads
during an experiment.

After ignition of the fuse the temperature rose rapidly, Tm
for the experiment coming approximately the same length of time after
ignition as in a combustion experiment. Rotation was initiated two
minutes after initiation of reaction. The delay in initiating rotation
was made to allow reasonably complete reaction while the powder rested
on the smooth bottom of the bomb. Final drift measurements were begun
nineteen minutes after fuse ignition, and lasted fifteen minutes.
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Table 3

Calibration of Calorimeter

Expt

.

No.

AR
c

ohm

m
s

g

qf
J

Aa
B
-Au;

J g
1

As
s

J ohm
1

e S

J ohm
-1

4 0.301821 1.739608 22.9 5.3 -192.1 152211*1

5 0.300673 1.733058 21.0 5.3 -192.3 152210.8

6 0.304372 1.754657 19.7 5.1 -192.7 152230.7

7 0.301184 1.735368 21.5 5.0 -193.0 152157.4

Mean

Standard deviation of the mean

152202.5

15.7 (.010$)

Table 4

Auxiliary Data used in Calculating Volume of
Bomb and Energy Equivalent of Calorimeter

Substance GP_1
J ohm

^V
J ohm 1

p
_3

Ref o

He 207.86 mole
-1

[11]

H
2

205.5 mole
-1

[12]

°2 209.6 mole
1

[10]

Be 178.24 mole
-1

1.816 [11]

Benzoic Acid 12.1 g"1 1.320 [ 10 ]

H
2
0(t) 41.795 g" 1 0.997 [ 10 ]

HE(aq) (25.15$) 34.68 g" 1 1.092 [13]

(25.72$) 34.54 g"1 1.092 [13]

Pt 1.36 g
-1

21.45 [10]

Stainless Steel 4.392 g- 1 (a) 7.8 [11]

Teflon 11.7 g" 1 2.23 [14]

(a) Calculated from composition.
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At the conclusion of the heat measurement, the bomb was removed
from the calorimeter and fitted with needle valves sealed to the
bomb by Swagelok fittings 0 With the needle valves closed, the bomb
valves were opened. The bomb was then attached to the hydrogen
collection train (Figure 2). At this point the bomb contained
hydrogen at a pressure of about seven atmospheres, plus helium at

one atm. The procedure for determination of hydrogen is described
in some detail in Section 7.

When all hydrogen had been purged from the bomb, the bomb was
disconnected from the hydrogen analysis train, and was opened in

the hood. The contents of the bomb were examined visually for un-
dissolved metal sample but none was ever found. The solution was
always clear, water white. It was disposed of as described in

Section 4»

7. Determination of Hydrogen .

Hydrogen formed in the reaction was converted to water and the
water was weighed in order to determine the amount of hydrogen
formedo This technique was not entirely perfected at the time of
writing this report, there being generally an unexplained deficiency
of hydrogen in all tests of the method and in the experiments on
beryllium. The deficiency was of the order of 0.5 percent in the
beryllium experiments and puts an upper limit on the uncertainty of
the amount of reaction that occurred. In view of the consistency
with the experiments in the collection of hydrogen from reaction of

aluminum, it is unlikely that an uncertainty greater than 0.2 per-
cent in the amount of reaction exists on this account.

The apparatus used for the hydrogen determination is shown
schematically in Figure 2, The flow train for gases consists of a

helium tank, which is a source of gas for purging hydrogen from the
system and transporting water vapor through the system; a connect-
ing position for the reaction bomb, equipped with suitable valves to
allow the bomb to be emptied, purged, or bypassed; drying tubes to
dry the effluent gases; a control weighing tube; a flowmeter; a

furnace tube packed with copper oxide; two HqO weighing tubes; a

protective drying tube, and a bubbler for the exit gases. These
components are identified more closely in the caption to Figure 2.

The flow system from the helium cylinder to position T is all
metal, and joints are made with Swagelok connectors l/4 inch in
diameter. From T to the outlet end the system is glass. In this
region connections are made by 0-ring connectors with Buna-N 0-rings,
or by standard-taper greased joints, except for the Tygon covering
the joint from the protective drying tube, I, to the bubbler, J.
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The drying tubes , C, are necessary to remove water and HF from
the gases emerging from the bomb. They are U-tubes with greased
ground glass stoppers at entrance and exit. Each tube contains a

magnesium perchlorate packing held in place with asbestos fiber.

The bulbs used for weighing absorbed water, were commercial
Nesbitt absorption bulbs modified slightly to conform to the con-
figuration described by Rossini [8], and fitted with 0-ring
connectors. The bulbs were packed with anhydrous magnesium perchlo-
rate, bounded by layers of shredded asbestos, as described by
Rossini. The control weighing bulb, B, is used to determine a blank
for the experiment. The small changes in weight of this bulb appear
to be related to loss of powdered packing material when gases are
passed through. Bulb H is a backup absorber to confirm that all
water has been absorbed in bulb G.

The oxidizer tube in the furnace, F, consists of a Vycor tube
30 mm inside diameter and 38 cm long, packed with CuO wire fragments.
The furnace surrounding it was kept at a temperature between 400
and 500°G o We expected that in this temperature range conversion
of H2 to H2O would be complete. The CuO in the Vycor tube is reduced
to Cu by the reaction. It can be restored to an oxidized state by
passing oxygen through the system.

The flowmeter is a commercial floating-ball flow indicator in a

tapered glass tube having a range of helium flow rates from 110
to 1100 cur min-x . The indication of the flowmeter loses sensitivity
at very low flow rates. In this region the bubbler, J, gives a

positive indication of flow. The bubbler is filled with butyl
phtha late.

The final weighing bulb, H, is protected from CO2 and H2O
entering the system at the exit by tube I which contains magnesium
perchlorate and ascarite.

For analysis of hydrogen in the bomb, the bomb was attached to

the train and as a first step the excess pressure of gas was relieved
by releasing the gas into the train. For this step, the valves
leading to the helium tank (Valves 1, 2 and 3) and the by-pass valve
(Valve 6) were closed and all other valves opened. When the gas
pressure in the bomb had almost reached line pressure, and the out-
flow as observed in the bubbler had become slow, the valves from the
helium tank were opened. The bomb was purged with helium for one

hour at a rate of 400 cm^ min
-
^. Most of the water formed in the

process up to this point condensed in the glass tube at the bottom of

the furnace. After the bomb had been purged, the valve by-passing
the bomb was opened and the bomb valves were closed. The purging then
continued overnight to transport all the water formed into the weigh-
ing bulbs. The purging time was 16 to 18 hours.
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Bulbs D, G, and H "were weighed along with a similar tare bulb

before and after the absorption of water Q The tare bulb was used
to eliminate the principal part of the buoyancy correction. The
weight of bulb D was used as a control in the weight measurements
on bulb G.

When the bulbs were being weighed they contained helium, which
was brought to atmospheric pressure by opening a stopper momentarily
at the time of weighing. A buoyancy correction for displacement of

helium caused by absorption of water in the magnesium perchlorate
was applied by using the factor 0.99996 suggested by Rossini [8],

Tests made to demonstrate the adequacy of the technique included
studies of weight changes during blank runs, the collection of water
introduced into the system, and the collection of water from hydrogen
introduced as a weighed sample or as a product of reaction of acid
with a weighed amount of aluminum.

In blank rains changes in weight of bulbs D and G amounting to

3 mg or less were observed. The changes in weight of bulb D and
bulb G in any blank experiment were the same within 0.3 mg. Losses
of weight observed in bulb D were, therefore, applied as corrections
added to the weight of water collected in bulb G.

Completeness of collection of water introduced into the system
was verified with much better completeness than was achieved with
water formed from hydrogen. A weighed bulb similar in design to
bulb D and containing water was introduced between bulb D and flow-
meter E. The water was transported into bulb G by a stream of helium
flowing overnight. The furnace, was at its operating temperature
during this procedure. The average amount of water recovered in two
measurements was 99.94 percent, with a range of 0.004 percent.

Collection of water from weighed amounts of hydrogen was un-
satisfactory because of the small weight of gas compared to the
weight of the sample bulb, and because of the large relative un-
certainty introduced by impurities in the hydrogen. For example, an
uncertainty of 0.05 mole percent in nitrogen impurity introduces an
uncertainty of 0.70 percent in the weight of hydrogen.

When weighed amounts of finely divided aluminum of known purity
were dissolved in acid in the bomb, the amount of water collected
in four experiments was about 99.45 percent of that expected, with a

standard deviation of an experiment of 0.20 percent. In making the
calculation the amount of oxide in the sample was taken into account.
The aluminum was the same as that used by Domalski and Armstrong [9].
A new analysis indicated the presence of 0.70 percent Al^O m
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The collection of hydrogen in the train is summarized in
Table 1.

Factors which should be examined in refinement of the technique
of hydrogen collection and weighing include: sources of the blank
corrections of the weighing bulbs j the possibility that hydrogen
reacts and is absorbed somewhere in the system, such as by absorption
in grease; and the possibility that some hydrogen passes through the
furnace without being converted to water,

8, Experimental Measurements

Thirteen heat measurements were made on the reaction of beryllium
with hydrofluoric acid solution in the bomb. The experimental data
for the measurements and the results of the calculations are given
in Tables 5-7,

All the experiments listed led to heat measurements from which
an energy of reaction could be determined. Experiment 7, which was
the first in which the Teflon stopper was used, had an anomalously
low calorimeter heat transfer coefficient a. We suspect that a side
reaction continuing after the main period caused the anomalous final
drift rate that was observed for this experiment and the high energy
observed for the reaction. This experiment was not used in the final
averages.

In Table 5 we list from left to right the experiment number; two
adjustments to the energy equivalent of the calorimeter, Ae^(HF) and

AEp (other); the corrected temperature rise, ARC ; the observed total
energy, £j_ARc ; the final reaction temperature, Tp; and the calorimeter
heat transfer coefficient, a.

The term l^p(HF) is the adjustment for the heat capacity of aqueous
HF which is by far the largest adjustment to the calorimeter. The
specific heat data of Thorvaldson and Bailey [13] were used In this
calculation. Auxiliary data for calculation of the two corrections
are listed in Table 4* By combining these corrections with the calibra-
tion data from Table 3 and the corrected temperature rise, ARC , one can
calculate the total energy observed, e^ARc .

In Table 6 we list the reaction quantities placed in the bomb and
the calculated products of reaction. The mass of sample ms is the
initial mass placed in the bomb. In the calculation of the number of
moles of Be, an adjustment for the small amount of pre- ignition reaction
was made. The hydrofluoric acid was weighed into the bomb to obtain m (HF
aq), and from m(HF,aq) the number of moles of H20 and HF, np(H20), and
ni(HF) respectively, initially in the bomb were calculated by means of
the analytical data on the solution.
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Table 5

Calorimetric Data on Beryllitm-Hydrofluoric Acid Reactions

Expt
No.

Asi(HF)

J ohm
- ^

Aep(other)

J ohm“^

AR
c

ohms

EiARc

J

T
f

deg C

a

min’*
1

4 1911.9 41.

9

b
0.292052 45021.7 31.814 0.00235

5 1928.8 41.6
b

,287153 44271.2 31,780 ,00237

7 1981.1 155.1 .294299 45421.7 31.894 .00218

8 1894.7 157.5 .319284 49251.1 31.915 .00238

9 1821.1 155.9 .296785 45758.2 31.868 .00230

10 1749.2 157.3 .314782 48498.4 31.752 .00234

11 2051.3 155.3 .288163 44495.0 31*721 .00232

12 1874.5 157.4 .319476 49274.2 31.870 .00233

13 1865.6 155.1 .286794 44233.2 31.741 .00233

14 1803.1 155.6 .292612 45109.4 31.747 .00233

o
UA

i

—

1

1872.4 156.4 .302732 46690.7 31.732 ,00234

16° 1874.8 155.5 .291037 44887 o

5

31.710 .00234

17
c

1845.9 159.7 .345222 53236.0 32.112 .00236

No Teflon stopper used in the crucible.

NM sample was used in experiments 15* 16, 17.
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Table 7

Thermal Results of Beryllium-Hydrofluoric Acid Reactions

-AE(corr)
. 0

-ABp
0

1
•

in0
0

m$1
J kJ mole

-
^ Be kcal/mole Be kcal mole"

4 1.85 420.7219 -0.2356 99.7129

5 1.87 420.7787 - .2356 99.7265

7 1.84 421.9166 - .2292 100.0049

8 1.74 420.4541 - .2336 99.6509

9 1.83 420.2370 - .2292 99.6035

10 1.76 420.0566 - .2292 99.5603

11 1.86 421.3079 - .2292 99.8594

12 1.74 420.1815 - .2292 99.5902

13 1.87 420.9576 - .2292 99.7757

14 1.85 420.0576 - .2292 99.5606

15 1.80 420.4638 - .0911 99.7958

16 1.85 420.7535 - .0911 99.8650

17 1.62 419.2367 - .0911 99.5025

Mean 99.6836

Uncertainty 2s ±.1016

Be
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The final numbers of moles of beryllium fluoride, nf^BeFp);
water, nq (HqO); hydrofluoric acid, nf(HF) and hydrogen, nfChg), in
the bomb at the conclusion of the reaction include small contribu-
tions to each from the reactions of impurities in the beryllium
sample. The percentage collection of hydrogen shown in Table 1 is
the percentage of the anticipated value, nf (Hp) in Table 6, In a

few experiments, as indicated in Table 1, some observed loss of
hydrogen occurred in making the analysis. This did not invalidate
the heat measurement, but makes it impossible to calculate the
affected experiments on the basis of hydrogen.

Table 7 lists the calculated thermodynamic quantities found for
the reactionso The material in Table 7 will be discussed further
in Section 9* Heats of formation used as auxiliary data in making
the calculations are listed in Table 8.

9. Adjustment of the Observations to a Standard Reference State

The starting materials of the reaction in the bomb consist of a

solid reactant, a liquid mixture and a gaseous mixture. The solid
reactant is nq® e moles of beryllium metal containing as impurities
BeFo BeO Me

nq ^ moles of BeFp, nq moles of BeO and nq ' gram equivalent
weights of metallic impurities Me.

The liquid phase is a mixture of nq^^ moles of HF and nq^
^

moles of water, under a pressure of one atmosphere, and saturated
with helium at that pressure.

He
The gaseous phase consists of nq moles of helium at about one

HFg HoOpt
atmosphere pressure, saturated with nq & moles of gaseous HF and nq ^ &

moles of gaseous H2O in equilibrium with the liquid phase. The contents
of the bomb are all at the initial temperature, Tq.

The contents of the bomb at the conclusion of the experiment
consist of a homogeneous final liquid phase and a homogeneous final
gaseous phase,,

BeFo
The final liquid phase consists of a mixture of nq ^ moles of

BeF2 in. which for convenience we include the nq gram equivalent
weights of metal fluorides on the basis that one equivalent weight
behaves as one half mole of BeF2, nq^^ moles of HF, and nq 2 moles
of water under a pressure, Pq, of about ten atmospheres of hydrogen
and about one atmosphere of helium and saturated with each gas at its

respective pressure.
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Table 8

Auxiliary Heats of Formation Used in the Calculations

Substance AHf298
*]

kcal mole

Reference

Be
2
C -22.2 [19]

BeO -143.1 [18]

Be
3
H
2

-137.8 [19]

Metallic Fluorides [11]

HF x 3.2 Ii
2
0 -76.010 [17]

HF x 3*8 H
2
0 -76.080 [17]

HF x 4.8 H
2
0 -76.157 [17]

HF x n H
2

<D by Interpolation [17]
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The final gaseous phase consists of nf
h2

mixed with nf
He

moles of hydrogen
H20g i^ molesmoles of helium, and saturated with nf

H F
of gaseous HgO and n.f S moles of gaseous HF in equilibrium with
the liquid phase. For the purpose of this discussion, a small
amount of CH^, which may be present as a product of reaction of the
beryllium carbide impurity in the sample, is treated as hydrogen,
and the carbide itself* is treated as a metal in the equation of
the reaction.

In carrying out the calculation, we ignore certain factors
which would have to be included in a rigorous treatment. The helium
present in the bomb is not considered to be involved in any process.
We feel that the energ changes involving helium are small. The
amount of hydrogen dissolved and its heat of solution in the final
aqueous phase, the energies of compression of the initial solid and
liquid phases and the final liquid phase, and the energies of mixing
of the gaseous phases are all considered to be negligible 0

Equations for the reactions carried out and those used in

calculating adjustments to a reference process are shown in Table 9»

Reaction (l) represents the process actually carried out in the bomb.
The actual bomb process was adjusted to reaction (2). In making the
adjustment, processes represented by reactions (3), (4) , (7), and (9)

were presumed to be carried out. Equations (5), (6) and (8) represent
intermediate stages of the calculations. Equation (3a) represents the

HpOv HFv
condensation of nf and nf

& moles of gaseous H2O and HF respec-

tively into the bomb solution; and equation (3b) represents the

evaporation of n-j^^ moles of HF and nf^^S moles of H2O from the

initial solution,, The vapor pressure data of Brosheer, Lenfesty, and
Elmore [ 15 ] were used in the calculations. Equation (4) represents
the adjustment of hydrogen from its final pressure to the ideal gas
state. Data on the internal energy of hydrogen were taken from
Hilsenrath, et al, [12], The corrections resulting from reactions (3)

and (4) are listed in Table 7 under the heading -AE(corr). Equation (5)

is the sum of equations (l), (3a), (3b), and (4) • Equation ( 6 ) is the
same as equation ( 5 ) converted to the basis of one mole of elemental
beryllium In the starting material. Equation (7) represents the
process of adjusting the concentrations of H2O and HF in such a way
that the final process will be represented by equation (2). Equation (7)

is rewritten as equation (7 ) in order to show more clearly the propor-
tions of H2O, HF, and BeF2 in the solutions, and to ease the process of
calculating the energy changes. Because no information is available
on the energy of dilution of BeF2 solutions in aqueous HF, we make the
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approximation here that an equivalent weight of BeFq in solution
has the same thermal effect as a mole of HF. The effect of this
assumption is that zero energy change is found for reaction (7).

Equation (8) is the sum of equations (6) and (7). The energy
found for equation (8) is listed in Table 7 as -AEp. Equation (9)

represents the reactions of impurities, and is used to calculate
the energy contributed by them. The energy found for this reaction
is listed in Table 7 as -AE°(imp), Equation (2) is the sum of
equations (8) and (9).

The enthalpy change of reaction (2) is found by adding the PV
term for hydrogen in the ideal gas state, and is listed as

“^305.15 111 Table 7 «

Atomic weights used are from the 1961 atomic weight scale based
on the atomic mass of = 12 [16]. The calorie is taken as

4-o I84.O J

.

In Table 10 are listed the energy relations for the reactions
in Table 9. Table 11 gives the relationships between coefficients
in the various reactions of Table 9.

The data obtained as a result of the experiments show an unde-
sirable lack of internal precision. The reasons for this are not
entirely clear. However, attempts to correlate the values found for
AH‘305 * 15°K with parameters of the experiments show suggestive trends.
There is a concentration effect which has not yet been adequately
accounted for in our treatment of the data thus far. The heat of re-
action shows a pronounced dependence upon the ratious HF/Be and
HqO/HF. Treatment of the data in such a way as to remove one de-
pendence removes the other also. If one ignores the presence of BeF2
in the HF solutions and considers the heat of formation of HF to be

that for the mixture of H2O and HF alone a correction is introduced
which reduces the observed trend by about 25 percent. A much larger
factor is still unaccounted for. It is probably an interaction energy
between the BeF2 and HF 0 Qualitative evidence of such as interaction
energy is given by Sengupta [22] who performed a thermometric titra-
tion of aqueous HF by BeF2 solution, in which he observed an exr>-

thermic heat effect which he associated the formation of HqBeF^ in

solution. The heat effect of miming aqueous HF and aqueous BeF2
solutions roughly estimated from Sengupta’s data is greater than
two kcal (mole BeFq)

-
'1’.

10. Heat of Formation of BeF2 (c)

The data obtained from our measurements are inadequate to allow
a firm statement to be made about the heat of formation of BeFqCc).
However, some information is available. The heat of solution of
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Table 9

Equations for the Bomb Process and Adjustments

(1) n.
Be

Be(c) + n ® e^2 BeF„ n.
BeB

BeO + n,^^le+[
2 1

HFtTro ,
H20t,

n^HF +

HFg,
[n

f

BeF2BeF
2 + n/^HF + n

£
a^\o](l) + n

f
“ gHF(g) + n^g^OCg) + rf^g, p = pf )

n
i
H2MH

2
0] (A ) +n1

HF
®^F(g) + n

1

H2°%
2
0(g) =

H20gp

(2) Be(c) + 6(HF x 3.2 HgO) (t) = [BeFg + 4 (HF x 4.8 H
2
0)](t) + H,,(g, p =0)

(3a) n
f
H2°gH

2
0(g) + n^HFtg) + [n

f
BeF2

BeF
2
+ n^HF + a/^HgO] (l) = [n

f
BeF

2BeF
2 + n^HF + n

f

H20H
2
0] (t)

(3b) [n
±

HF
HF + ni

H
2°H

2
0] = n^HFCg) + n

1

H20gH
2
0(g) + [n^HF + n^^O] (l)

(4) n
f

H
2H

2 ( g> p=pf) = n
f

H2
H
2 (g,

p=0)

(5) n
±

Be
Be + n

i

BeF2
BeF2 + n^^BeO + n±

Me
Me + [n^HF + n^^O] (t) = [n

f

BeF
2BeF

2 + n^HF + n
f

H
2°H

2
0] (t)

+ n
f

H2
H
2 (g,

p=0)

(6) Be + r-jBeFg + r
2
BeO + r^Me + [r^HF + r^O] (t) = [r^BeFg + r

?
HF + r

g
H
2
0](t) + r^HgCg, p=0)

(7) [6HF + 19.2 H
2
0](t) + [(r

6
BeF

2 + r
?
HF + r

g
H
2
0] (t) =

[r^HF + r
5
H
2
0](t) + [r^BeF,, + (4 - 2r

2
- r

g
) HF + (19.2 + r.,) H

2
0](t)

(7*

)

6[HF x 3.2 HgO] (i) + 2r
6 + r

? ) [ (HF + BeF^/2) x rg/(2r
6 + r

? ) H
2
0](t) =

r
4
[HF x (r

5
/r

4
) H

2
0](t) + (4 + 2r

fi
- 2r

?
- r

3
)[(HF + BeF

2/2
) x (19.2 + r

2
)/(4+2r

6
-2r

2
-r

3
) HgO] (t)

(8) Be(c) + r^eFg + r
2
BeO + r Me + [6HF + 19.2 H

2
0](t) =

[(1 + r
]_

+ r
2 + ^)BeF

2 + (4-2r
2
~r

3
)HF + (19.24t

2
) HgOlCO + (l + iy

2
)Hg.(g)

r

,

(9) [(1 + ^ + r
2
+ -f)

BeF
2 + (4-2r

2
~r

3
)HF + (19.2 + r,,) HgO] (t) + iy

2 ) H,,(g) =

r^eFg + r
2
BeO + ^Me + [BeF

2 + 4HF + 19„2 H
2
0] (t)
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1

AS(l)

AE(2)

AS(3a)

AS(3b)

AE(4)

AE(5)

AE(6)

AS(7)

AE(8)

AE(9)

Table 10

Energy Relations in Table 9

= AE obs,

= AE adjusted = AE(8) + AE(9)

= n
f

H2°g (-AE vap [H20]) + n
f

HFg
(-AE vap [HF])

= n
1

H2°g
( AE vap [H^O] ) + n^6

( AE vap [HF])

= (E° - EP) [H
2 (g)]

= AE(l) + AE(3a) + AE(3b) + AE(4)

Be- AE(5)

AE(7
1

)
= AE diln of HF-H

2
0 and BeF

2
-HF-H

2
0 solutions

= AE(6) + AE(7)

/ BeFp \ f BeO\

$=-)w -(&)
/ Me \

AE
R
(Be0) - AE^Me)
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Table 11

Relations between Coefficients of Table 9

r
l

BeFp / Be= 2 /n
±

r
6

BeFp / Be= n
f

2 /n
i

BeO / Be
r
2

= n
i

/n
i

r
7
- n

f
/n

1

Me / Be
r
3

= n
i

/n
i

r
8
- /n

1

r
4

!l
t3 /n

i
r
9

Hp / Be
= n

f * /n
1

HpO / Be
r
5
=n

± /ni

HoO
n
i

2

n
h2°

f
= n.

n

n,

HF HFg= n

,

HF HFg= n- b

: + n/201 HF
n„ :

HF „ BeO
= n. - 2n.

f f 1 1

,
HFt

+ n. nf2° HpO
,

BeO= n. x + n.
i f 1 I

,
HF-t

+ n
f

n
H2

f
_ Be /_ Me= n^ /2 + n^
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BeF2 (c) in aqueous HF was reported by Kolesov, Popov, and Skuratov

[3], Their experiments were carried out with solutions having a

molar ratio of HqO/HF =3,8, which is in the range between the
initial and final concentrations that we used. However, their experi-
ments involved solutions 'much more dilute in BeFq than ours. We
have devised a series of possible reactions which could be carried
out, or data obtained from the literature, to make possible the adjust-
ment from one concentration to the other, and additional reactions
from which the data can be used to calculate the heat of formation
of BeF2 (c). These reactions are listed in Table 12 as equations
(A-H) , Reaction (2), Table 7, becomes reaction D of this series.
The measurement by Kolesov, et al. is reaction E. Reaction (A) is

of primary interest because it contains only quantities for which
thermodynamic information is readily available, besides BeFq, and
can be used to calculate AHf (BeFq) (c) , The relationships between
the reactions are as follows:

AH (A) = AH(D) - AH(B) - AH(C)

AH(C) = AH(E) + AH(F) + AH(G) + AH(H)

Tne value obtained for AH is listed in the column at the right
of Table 12. For other reactions than D and E, the assumption is

made as before that BeF2 in solution can be replaced by an equivalent
amount of HF and the data for HF(aq) be used in calculating the heat
of reaction. This approximation is subject to the same error that
has been mentioned before; and there is evidence in the experimental
work that the approximation is not valid, but in fact causes a

greater error.

While a value of -242.38 kcal mole can be calculated from the
above data, the uncertainties listed above preclude any further
conclusion to be drawn than that the heat of formation does not
differ from this by more than a few kcal mole

-
.

A further uncertainty is introduced by possible continuing un-
certainty in the heat of formation of HF(aq). Cox and Harrop [2l]

report AHf of HF + 2OH2O to be -77,396 kcal mole
-

-'-. This is

1.116 kcal mole
-

-'- more negative than values listed by Evans [17].
Making a change this great in the heat of formation of HF in

(HF + 3.2 HqO) we obtain for AHf[BeF2 (c)] the value -244*61 kcal mole
-

"-.

While this is closer to the value reported by Churney and Armstrong [2],
and could thus be cited as evidence for a more negative heat of forma-
tion of HF(aq) , we must recognize that the dilution problems mentioned
before still exist.
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Table 12

Equations from which AH-pfBeF^ (c) ] can be calculated

AH°

kcal mole

A* Be + 2(KF x 3,2 HgO) 4) = BeF
2
(c) + 6.4 H^i) + H

2 (g) - 90.36

B. 6.4 H
2
0 + 4(HF x 3.2 H

2
0) 4) = 4.0 (HF x 4.8 yo) 4) - 0.588

C. BeF
2
(c) + 4.0 (HF x 4.8 H^) 4) =

[BeF
2 + 4.0 (HF x 4.8 H^) ] (t) - 8.732

D. Be + 6(HF x 3.2 HgO) (l) = [BeF
2
+4.o(HF x 4.8 H

2
0)]4) + H

2 (g) - 99.68

E. BeF
2
(c) + 340 (HF x 3.8 HgO) 4) = [BeF

2
+340(HF x 3.8 H

2
0)]4) - 8.04

F. 4*0(HF x 4.8 H
2
0) (l) + 336 (HF x 3.8 yo) 4) =

340 (HF x 3.8 H
2
0)U) + 4H

2
0(t) + 0.308

G. [BeF
2 + 340 (HF x 3.8) ] 4) =

BeF
2
+4(HF x 3.8 H

2
0)]4) + 336(HF x 3.8 yo) (l) - 0.340

H. [BeF
2 + 4(HF x 3.8 HgO) ] 4) + 4^0 4) =

[BeF
2 + 4(HF x 4.8 H

2
0)](^) - 0.660
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Chapter BIO

THE HEAT OF FORMATION OF AMORPHOUS BERYLLIUM FLUORIDE

by K. L 0 Churney and G. T. Armstrong
1.

Introduction

No direct determination of the heat of formation of beryllium
fluoride by combustion of beryllium in fluorine has been published.
Unpublished measurements [l], based on a 50 to 60 percent conversion
of beryllium foil to partially glassy beryllium fluoride, give
values of AHp>298 for BeF2(c) of -258<>3* -256.8, and -255.9 kcal mole

-
^.

Three types of indirect determinations of the heat of formation
of BeF2(c) have been made:

1. Combination of the measurements of AHp298 of* BeO(c)

[2,3*4*5*6] and the heats of solution of BeO(c) [7,8,9*10,11],
BeFq^c) [7], and Be(c) [8,12] in aqueous HF.

2. Combination of the measurements of AHp298 of BeO^c) [3],
the heat of sublimation of BeF2(c), [13*14,15*16], and AHR298 for
the reaction [ 17]

t

BeO(c) v 2HF(g) - BeF
2 (g) t- H

2
0(g)

3. Combination of the measurements of AHp298 of PbF2(c), [18,19]
and AHp298 for the reaction [20]:

Be (c) 1- PbF
2
(c) -^BeF

2
(c) v Pb(c)

An evaluation of the data invglved in the first type of deter-
mination [2l] gives a value for AHp298 of BeF2(c) of -242.27 kcal rnole

- ^

with a precision of ±0.59 kcal mole“l. A systematic error of 0 to
-3.4 kcal mole“l was assigned primarily on the basis that AHp298 of
BeO(c) [2] might be more negative by 3.0 kcal mole“^ 0

O
Inconsistencies in the data necessary to calculate AH]?298 of

BeF2 by the second method [21,22,23] have been to a large extent
resolved [24] by the acquisition and analysis of new experimental data
(see 14,24*25*26,27*28). A calculation using the new thermal data for
BeF2(g) [27] and BeFpCc*!) [14] gives a value for AHp298 of BeF2(c)
of -246,6 kcal mole_ l with an uncertainty interval that is of the
order of -+*3*4 to -6.4 kcal mole“l or more.
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Although the work on fluorination of Be(c) vith PbF2(c) appar-
ently has not been completed, an analysis [19] of the preliminary
results [20] gives a value for AHp298 of BeF2 (c) of -244.0 kcal mole

-
.

Even though the data necessary for the last two indirect deter-
minations became available after our experimental work was started,
a more accurate value for the heat of formation of BeFq(c) is still
needed. Direct combustion of beryllium in fluorine was undertaken
because of the inherently lower uncertainty of a value obtained by
this method in comparison to indirect methods 0 In contrast to
efforts of other workers (see the next section), we were able to
obtain better than 99 percent conversion of beryllium to the fluoride
by the device of burning a mixture of beryllium and Teflon in fluorine.
However, 65 to 70 percent of the heat liberated by the combustion of
the mixture is necessarily due to Teflon. This magnifies the effect
of any uncertainty in the corrections to the remaining energy to
obtain that liberated by combustion of beryllium to BeF2« Further,
analysis of the solid combustion products showed that appreciable
quantities of Be2C and a residue of high carbon content were present
as well as BeF2 that was amorphous rather than crystalline. Failure
to correct for the formation of Be2C or the presence of this residue
would lead to an error of the order of 0.1 and 1 percent, respectively,
in the heat of formation of BeF2. Consequently, development of an
accurate method for determination of the amounts of BeqC and the
residue as well as unburned beryllium metal constituted an important
part of the experimental work. In spite of these problems, our
final results appear to have a reasonably small uncertainty and
confirm our suspicion that the heat of formation of BeFq is more
negative than -242 kcal mole“^.

2„ Preliminary Experiments

Attempts by other workers to burn beryllium rod [29], foil [l],
or powder [29] to completion in fluorine have been notably unsuccess-
ful (in general less than 50 percent burned) • Similar difficulties
encountered with aluminum were overcome by burning a mixture of
aluminum and Teflon powders in fluorine [30], The possibility of
using this method for combustion of beryllium was tested by burning
pellets of compacted mixtures of 100 mesh beryllium powder and
Teflon powder in 20 atmospheres of fluorine. It was found that
pellets of compositions varying from 1:2 to 1:20 in weight of beryllium
to Teflon gave approximately the same percent combustion of beryllium -

from 75 to 90 percent. However, spattering of beryllium metal on the
combustion walls, formation of glassy BeF2, and corrosion of the
holder were minimal when 0.1 grams of metal was mixed with 1.7 grams
of powder. Combustion of 200 mesh beryllium powder of lower purity
in pellets of the latter composition was nearly complete - 99 to 100

percent. Tests of various sample supports showed only nickel resisted
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corrosion,. Stainless steel and monel reacted with the pellet to
varying degrees while calcium fluoride discs tended to crack or
melt.

The decision to burn the higher purity beryllium powder re-
quired the development of a method of determining the amount of un-
burned beryllium accurate to 0 o l%. Preliminary estimates of the
completion of combustion, based upon weight changes of the entire
combustion bomb were found to have a probable error of 1 percent.
Analyses based upon the reaction of beryllium metal with concen-
trated KOH to give hydrogen fulfilled this accuracy requirement

;

a summary of the development of this method is given in the
appendix.

3. Starting Materials

Two different beryllium samples were used: type NM of 100 mesh
or finer particle size and 99.7 percent purity and type BB of
200 mesh particle size and 98.9 percent purity. The amount and
assumed state of combination of these impurities is given in
Table 1 The amount of the major impurities given in the batch

analyses supplied with the samples were checked and, in general,
confirmed by nuclear activation techniques (done commercially).
Carbon was determined (as CO2 ) by the NBS Analysis and Purification
Section,, The uncertainty in the amount of the impurity are those
given in the check analyses where performed; the remainder are our

estimates of the uncertainty in the supplier’s analyses. An
approximate check on the oxide impurity was obtained from the

measurement of the moles of hydrogen evolved upon dissolving the

powders in aqueous HP in conjunction with other work performed
in this laboratory [3l]» The results, summarized below.

Moles Hp/gm sample
Sample Observed Predicted

BB 0.10916 ±0.00018 0.10989 ±0.00005
NM 0.11067 ±0.00084 0.11076 ±0.00003

tend to confirm the assigned oxide content since the observed de-
ficiency of hydrogen was similar to that found for a pure aluminum
sample [ 3 l]

•

The uncertainties of the observed values are twice the
standard deviation of the mean for seven experiments for sample BB
and the uncertainty for the single experiment with sample NM is estimated
from the uncertainty in sample BB.
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Table 1. Impurities in Beryllium Samples

Sample BB

Assumed
Amount Estimated Assumed ahr

°

purity3 (Weight %) Uncertainty Products (kcal mole_d ) Ref.

Li 0.0001 0.00005 LiF(c) -147.1 (19)
B 0.00004 0.00002 BF3 (g) -269.9 (53)
BepC 0.20 b 0.025 — —
Be 3Np 0.0393 0.0197 BeFp(c), Np(g) -597 e

BeO 0.7252 c 0.0445 BeFp(c) , 02 (g)
-100 e

Mg 0.01 0.01 MgFp(c) -268.7 (54)
A1 0.0436 c 0.0004 A1F3 (c) -360.4 (30)
Si 0.00831c 0.00126 SiF4 (g)

-360.0 (55)
Ca 0.005 0.005 CaF2 (c) -290.3 (18)

Mn 0.0056 G 0.0004 MnF
3 ( c

)

-238 (18)

Fe 0.0795 c 0.0108 FeF3 ( c) -235 (18)

Cu 0.005 0.0025 CuFp(c) -126.9 (18)

Ag 0.0005 0.00025 AgF(c) -48.5 (18)

Cd 0.00007 0.00004 CdF
2 (c)

-167.39 (56)
Ni 0.009 0.004 NiF2 ( c) -159.5 (18)

Pb 0.0005 0.0005 PbF
2 (c)

-158.9 (18)

Mo 0.001 0.0005 MoFb(g) -372.35 (57)

Co 0.0004 0.0002 CoF3 (c) -187 (18)

Cr 0.009 0.004 CrF r ( c

)

-350 (18)

1.14212
Be 98.85788 .*0.057 e

Sample NM

BepC 0.125 b 0.0250 —
Be

3
Np 0.0008 0.0004 BeFp(c), Np (g) -597

BeO 0.1302 c 0.0169 BeF2 (c), 02 (g) -100 e

A1 0.0016 d 0.0004 A1F
3
(c) -360.4

Si 0.0017 d 0.0004 SiF4 (g) -359.98
Mn 0.0008 0.0004 MnF

3
(c) -238

Fe 0.0013 d 0.0003 FeFo ( c) -235

Cu 0.0008 0.0004 CuFp(c) -126.9

Ni 0.0005 0.0003 NiFp(c) -159.5
Cr 0.0001 0.0001 CrFc( c) -350

0.2628
99.7372 ±0.030 e

a C,N, 0 assumed combined as BepC, BeoNp, BeO
b determined by NBS (as C02 )

c determined by nuclear activation
d determined by supplier for our sample
e AHF§9g BeFp(c)

,

Be
3
N2 ( c) , Be0(

c

) -243, -132, -143(19)
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Teflon powder was obtained as a commercial preparation designated

as TFE Fluorocarbon Resin "Teflon 7". It was composed of irregularly

shaped particles with an average size of 35 microns. Teflon film,

designated FEP Fluorocarbon Resin, of 0.001 inch thickness was used
to enclose the beryllium-TefIon mixtures. Neither the film or the

powder was modified or specially treated before use.

Fluorine gas was periodically analyzed by absorbing the fluorine
in mercury and observing the residual pressure of the unreacted gases

[32]; the residual gas composition was analyzed in a mass spectrom-
eter. The analyses appear in Table 2. The estimated uncertainties
of the impurities include both uncertainty in our measurement of the

total mole percent as well as those in composition from estimates
supplied by the mass spectrometrist . In the case of the "pure

fluorine" we can give no simple explanation for the variation in

oxygen content, which gives rise to differing total impurities,. Data

obtained during composition analysis definitely suggests the major
portion and variability of SiF^ is due to the reaction of fluorine
with the glass walls of the sample bulb.

4. Calorimetric Apparatus

An isothermal-jacket , stirred-water calorimeter which is a

modification of the Dickinson design [33] by Prosen and coworkers [34]

was used in the heat measurement s. The jacket and calorimeter vessel
stirrers were coupled by rubber 0-ring pulleys to individual motors
mounted on an insulated bracket on the jacket wall to minimize heat
transfer between the motors and calorimeter. The jacket water
temperature was held constant to ±0.002°C near a value of 31°C. The
connections for the electrical leads between the calorimeter vessel
and jacket were designed to insure good thermal contact with the
calorimeter jacket.

Timing and temperature measurement equipment and procedures for
making the heat measurements are adequately described elsewhere [35>36] 0

The combustion reactions were carried out in a commercially
available combustion bomb identical to that described elsewhere [30].
The only significant difference in the internal bomb arrangement,
shown in figure 1 for a beryllium-TefIon combustion, is the presence
of a filter, Q, to prevent the loss of BeF2 (c) when fluorine is re-
moved from the bomb. The filter element, a monel fritted disc, is

held by lead 0-rings in a stainless steel holder that screws into
one inlet port of the bomb head* Combustions of Teflon powder and film
alone were carried out on a monel holder similar to that described by
Domalski [30] after removal of the plate, P, cup, 0, and filter, Q.

The standard initial calorimeter for the fluorine experiments con-
sisted of the combustion bomb with the internal arrangement shown in
figure '1, 6 cm of 0.002 inch diameter tungsten fuse wire, the calorimeter
vessel electrical heater (see[30] for a description of the heating element),
a platinum resistance thermometer and the calorimeter vessel with a
weighed quantity of water.
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J

K

L

M

N

0

P

A, nickel bomb head? } needle valve; C, monel pressure plate; D, Teflon casket
E, monel lock nut; F, aluminum electrode; G, tungsten fuse; H, bomb body;"

handle, s screw cap, } alumina washer; } type 304- stainless steel rod;
M, type 304 stainless steel liner; W, pellet; 0, pellet cup; P, nickel base
plate; Q, filter.
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5. Fluorine Manifold

The manifold for filling and emptying the combustion bomb with
fluorine and obtaining samples of fluorine and volatile products of
combustion is shown in figure 2„ The main features and operation
of the system are nearly identical to another in our laboratory [30],
Two differences are noteworthy:

1. In the first series (series I) of fluorine combustions, the
bomb was evacuated prior to loading with fluorine via filter Z and
the fluorine manifold with only vacuum pump (l) until the pressure
was less than 10“^ mm Hg (on gauge U2) • In the final series (series II)

of fluorine combustions, the bomb was evacuated by both vacuum pump (l)

(filter Z was removed) and vacuum pump (2) until the pressure in the
bomb (gauge Uq) and manifold (gauge U2) were less than 10“^ mm Hg and
10“^ mm Hg respectively

„

2. Ballast tank W was installed in the manifold to allow the
reduction of the pressure of the entire gaseous contents of the bomb
after combustion to one atmosphere prior to sampling for mass
spectrometer analysis*

6. Beryllium Manipulation

On the basis of consultation of the literature [37,38,39,40]
and the experience of others who handled beryllium [41>l]j special
procedures and certain equipment modifications were deemed necessary
for the safe handling of beryllium 0

All manipulations involving the transfer or fluorine combustion
of beryllium powder were carried out in a high exhaust velocity hood
which could be decontaminated regularly by washing with dilute
hydrochloric acid and water,. The fluorine manifold and calorimeter
in the hood were protected from contamination by enclosing the
former in a water-tight lucite box and the latter in a polyethylene
bag with a removable top* The manifold valves were operated by
extension rods passing through Teflon 0-ring seals in the box* The
calorimeter controls were mounted outside the exhaust hood. A monel
fritted disc filter was mounted in the fluorine port of the combustion
bomb to prevent the escape of BeFp into the manifold while fluorine
and volatile combustion products were being removed.

After transfeisof solid combustion products were carried out in
a dry box, all working surfaces of the box, the combustion bomb, and
contaminated equipment were washed with water. The atmosphere of
the box and dry box entry chamber was filtered and dried prior to
removal of any equipment.
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7o Combustion Experiments

7 0 1 Calibration

The calorimeter was calibrated by burning benzoic acid (standard
sample 39h) in high purity (99.996%) oxygen at 30 atmospheres 0 The
internal bomb arrangement differed from that given in figure 1 as

follows: (l) absence of the filter, Q, and pellet holder, 0; (2) a

monel instead of type 304 stainless plate, P; (3) platinum electrodes,
F; (4) a platinum crucible sample support; and (5) a 2 cm piece of
chromel C fuse wire (0,l6 mm diameter) supported over the sample by
platinum wire, and (6) 1 ml c distilled H20 o

7.2 Pellet Preparation

Beryllium-TefIon mixtures were prepared in Teflon bags to avoid
transfer and pelleting losses found in earlier mixing techniques [30],
The film was sealed by sandwiching a fold in the film layers between
two strips of aluminum and gently heating the exposed crease in an

open flame. Pellets were prepared by transferring about 1.7 grams
of Teflon and 0 o l grams of beryllium to the weighed bag and weighing
after each additions The bag contents were mixed by moving the
enclosed bubble of air through the mixture 0 The bag was then
punctured, placed in a pellet die piece, slowly compressed into a

pellet, and stored in a desiccator 0

Weight changes for a number of pellets prepared during this
research are summarized in Table 3. The method of pellet preparation
in series II was different from that used in series I in the following
ways

:

lo The beryllium powder was added to the bag before the Teflon
powder in series II. This reduces the possibility that any weight
loss on sealing the bag, item (l), is due to loss of beryllium rather
than Teflon c In all cases, the weight loss was assumed to be loss
of Teflon bag.

2. A larger puncture hole was made in the bags and pressure was
applied more slowly to the die pieces in forming pellets in series II

(30 minutes rather than 2 minutes ) 0 This resulted in better agreement
between the pellet weight just before it was burned and the weight of
the sealed bag plus contents just prior to pelleting, see item ( 3 ).

Although the weight of all newly formed pellets (except sample 4 5

series I) was greater than the weight before pelleting, see item ( 2 )

,

the weights of the pellets in series II approached a constant weight
in a shorter period of time than series I.
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Table 3. Weight Changes (micrograms) in Pellet Preparation

Series
Sample 1 2 4 5 6 7 2 3

II

4 5 6

(1) Wt . loss on sealing 72 18 29 246 278 88 36 39 115 15 24

(2) Wt
.
gain on pelleting 201 198 125 282 -23 259 151 207 218 168 215

(3) Wt . , Final, minus 51 46 -15 -23 -45 -19 -26 -14 22 2 -1
wt

.

,

before pelleting
Elapsed time "’(days) 12 18 54 56 60 61 15 16 17 18 3

* between wt . before pelleting and final wt

.



3* More closely fitting die pieces were used in the preparation
of the pellets of series II, As a consequence, no Teflon was found
on the die pieces and no correction was necessary for loss of
Teflon as in series I*

The weights of pellets of Teflon formed by rapid compression of
powder decreased rapidly with time (as much as 400 micrograms in
20 hours) o Consequently, Teflon pellets were weighed after being
stored in the balance case for one month and pellets of both powder
and film were formed by slow compression in the die pieces,

7.3 Analysis of Combustion Products

After a beryllium combustion experiment, the bomb was dried by
evacuation in the dry box entry chamber. After disposing of volatile
combustion products, the bomb was filled with one atmosphere of
helium and placed in the dry box. The dry box atmosphere was dried
until the dew point was -78°C. The solid combustion products in
the bomb were stored in vials or petri dishes in a desiccator. In
the case of Teflon combustions the solid products were examined in
the room.

The inner surfaces of the bomb were covered with a fine white
hygroscopic powder after a beryIlium-Teflon combustion. The larger
part of this powder covered a mixture of black particles confined
to the nickel pellet cup. Analysis of the beryllium content (as BeO)
of a known weight of the white powder showed it to be BeFp; the Xray
pattern was similar to that observed for vitreous BeFp [42].

The contents of the pellet cup were analyzed by reaction with
hot concentrated KOH (see appendix) for the amount of unburned
beryllium (as Hp gas) and beryllium carbide (as GH^ gas). The black
residue remaining in the KOH solution was filtered, washed, dried,

and weighed. Its appearance suggested a mixture of unburned Teflon
and a fine black powder; carbon analysis (as COp) of one residue
(see combustion experiment 6, I, Table 7) gave 87.8% carbon by weights,

After a Teflon combustion, the area of a sample holder formerly
in contact with the pellet was covered with a thin black film. This

residue was weighed by difference by wiping off the film and was
assumed to be unburned Teflon.

Samples of the volatile combustion products were analyzed with
a mass spectrometer after absorption of the fluorine in mercury.

Results of these analyses are present in Table 4 An terms of the

differences in millimoles of the amount of impurity present after a

combustion minus that present prior to a combustion. The uncertainties

include those of the fluorine analyses as well as the volatile

combustion production analyses.

186



:

]

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

o
c •

o o
I—

I

Cm •»

0 G
Eh O

4o .

cv o

CO

*H
0 CO

G
P rH
Ph c

d

G
03

c^nsfH I iA I (V fM (V I I....
I

• I
...

| |OOOO IO IrHOO I I

\£> ud
ud to O CA I H I

miAi^oc
,
CV O O O I

4
£>
too

G •

o o
I—

I

Cm ~
0 G
Eh O

nOO .

CV O

0 0
G r*5

0 rH
pH 0

OOOO I

CV H tO vD

O (H O iH I

I ud | CV CV nO O tO

O I CV O O O O

I vO ia r\

I CV O rH
I I I

CV HD
O O vO rl I vD I VH (t H O

0 O
*H «H
0 p
l>i OQ

3 io

G CV
O QN

i—I 4
Cm O
0 •

Eh O
AD I

0 Cm
CQ 0)

Eh

O
£>
CV 0

G W

Ph rH
0

OOOO I AD I
hd O rH O O

CV O
O O HD

OOOO I

-p ^ 1—

1

O H
t) G s p 0 0 • • •

p O 3 o G G O 0 o o
rH P 4 3 0

o © © Cm Ph 0
G -P CQ 0 0
Oh G Eh G

0 O
0 P AD c HD O

1—

1

P H O rH
-H •H
P P O O O
cd 0 S
rH G
O O
> o

G
•H4

0
0
0 P AD nD

rH 0 G rH G O O
O 0 O HD 00 CV 0 • •

0 G rH HD UD O o o
Eh O Cm O CV • G

G 0 • • o P>
H EH o o s

CV 1

~ 0 0

-4 O
I

-4 O
I

-4 I -4 CV O rH

AD I HD O rH O

CV O CG O O
i—I I

+
I I

I O I Gto sfno
CV O a~\ O O
rH I + I

4
CV CV AD ON

O rH O rH I

o
4

!<— to

0
i—

I

Ph

G
®
rG
bo

G

CV
Ph !

G Cm
P 0
Ph Eh

-P
cd

£

CV G
Ph O

i—

I

0 Cm
G 0
0 Eh
Ph I

O CV 4
3°°'

vO HD AD O
CV O rH O

I I

^ O i—I o
-H

CV O AD O
rH I

o 6

Eh HD
I O

Cm
0
Eh

00 •

CV O

0
~ *H
© 0
G r*1

P rH
Ph cd

E Q

I O
I

•

I NO

4O 4 i—I r—

I

OOOO

4
hd 4 to AD

OOOO I HD |

I O O HD HD O
I AD rH O O CV

I O I O 4 AD 0s rH

4 AD rH O O
I I I I I

CV G
Ph O

I
—

1

0 Cm
G 0
P Eh
Ph I

£ CDH CQ

O O HD HD

AD rH O O
-H

O 4 AD O
4 AD rH O

I I I I

p
nO
> £

~ 0
>i 0P rH
•H O
G £
P *H
PnrH
£ rH

O rH

XXX
CV CV G _
3 0 4 0

CV
.Ph

AD AD AD ADO O O Oad
i—

I

i—It—It—I O
X X X X

>-m 40 00 00 4
CV 4 CV Ph Ph Ph Pt Ph v0o G o -H CV AD 4 CVpHOCOCOOOOOPO

0
0

-p rH
*H o
G B
0 -H
Ph rH
£ rH

X X X X

4 00 00 4
Ph Ph Ph Ph
CV ad 4 CVOOOO Cd XI

187

See

table

2
for

the

appropriate

fluorine

analysis

Be(NM)

is

type

NM

beryllium

sample



8.1 Treatment of Combustion Data

The energy equivalent of the oxygen calorimeter, calculated
using standard procedures [35 >36] -was 14,621.0 J °C“1 with a standard
deviation of the mean for seven experiments of ±1.1 J °C“^o The
energy equivalent of the standard fluorine calorimeter is 14>656 0 68

J The notation of the tables and method of standard state
corrections are explained in detail elsewhere [43 >44]. The numbered
entries in tables 5> 6, and 7 are: (l) the mass (in vacuo) of Teflon,
tables 5 and 6, and beryllium, table 7, reacted; (2) the initial
pressure of fluorine; (3) corrections to be added to the standard calorimeter

(fluorine) energy equivalent for fluorine, combustion sample, and
variations in internal bomb arrangement; (4) the observed increase
in calorimeter temperature corrected for heat exchanged between the
calorimeter and its surroundings; (5) the energy equivalent of the
actual calorimeter multiplied by the corrected temperature rise;

(6) the net correction due to the hypothetical compression and de-
compression of bomb gases; (7) correction for fuse energy; (8)

correction for the change in higher gaseous fluorocarbons (than CF^)

as estimated in Table 4j (9) and ( 10; correction for the energy
contributed by the Teflon powder and film assuming complete combustion;
(ll) and (12) correction for the formation of BepC and carbon-TefIon
residue of the beryllium-TefIon combustion; (13) correction for
combustion of the impurities in the Be sample excluding Be2C; (14)
the standard state energy change at 31°C per gram of Teflon film.
Table 5> or powder. Table 6, for the reaction:

[CF
2

] + F
2 (g) CF

4
(g)

and (15) the standard state enthalpy change at 25°C per mole of
beryllium for the reaction:

Be(c) ± F^(g) ®e^2 amorpkous)

In item (l) the Teflon "residue” of tables 5 and 6 is treated
as unburned Teflon. Also, the beryllium, item (l). Table 7, is corrected
for impurities, unburned beryllium, and beryllium consumed in the forma-
tion of Be2C as summarized at the top of Table 7 0 In item (5) the
ignition energy was assumed to be zero and a small correction is applied
to the calorimeter heat capacity in cases where the mean temperature of
the experiment differed from that of the benzoic acid calibrations.
Items (9) and (10) are based on the mass of Teflon film and powder
before the pellet was formed. The loss in weight occurring on sealing
the bag was assumed to be loss of Teflon film 0 No correction was
applied to the film weight due to loss during pelleting unless film
was found on the pellet die pieces. Item (12) assumes a composition
of each residue of 16 0 1 percent Teflon and 83.9 percent carbon as

obtained by analysis on sample 6, I. The temperature of the hypothetical
isothermal process to which each of items (2) through (13) refers is

the final temperature of the calorimeter for each experiment if no heat
had been exchanged with the surroundings.
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The results for the two series of beryllium combustions were
treated separately because of a significant difference in the two

sets of experiments. This was the better evacuation of the combus-
tion bomb in series II brought about by the change in the method
of pumping indicated in section 5* During series I, premature
ignition of two beryllium-TefIon pellets (samples 4 and 7 in terms
of the sequence of experiments listed in Table 7) and a Teflon
pellet (sample 8 of the series) occurred. The subsequent discovery
of severe corrosion of the fritted disc filter in the fluorine mani-
fold connection to the bomb suggested the trouble was due to poor
evacuation. No difficulty had been encountered prior to series I

and no premature ignitions occurred in the 17 experiments performed
in series II (all but two of the Teflon combustions and five
beryllium-TefIon combustions). Since poor evacuation of the combus-
tion bomb would lead to "prereact ion" of the beryllium and this
would be more severe for beryllium powder of smaller particle size,
there is reason to expect not only the results of series I to be
less negative than those of series II but also that the value of
sample 3,1 would be the least negative.

8.2 Auxiliary Data

Buoyancy corrections for the masses of beryllium, Teflon powder,
and Teflon film were calculated using densities of 1.84, 2.15, and
2.21 g cm"3j respectively.

A heat of formation of WF£,(g) of -416 kcal mole
-

"- [45] was used
to compute the fuse energy (22.61 J for 6 cm of wire).

Data for the net heat correction for the hypothetical compression
and decompression of bomb gases is based on the parameters of the
Lennard-Jones 6-12 potential function determined for fluorine [ 46 ] and
CF4 [47]. The values used for (20 atm, 304.15°K) and C°(298.15°K)
for fluorine and (298.15°K) for CF4 were 5.54> 5.499 [48], and
12.607 [49] cal deg

-
"- mole

-
-'-, respectively. Values of Cp in

cal deg- ! g
- " for beryllium, Teflon, and BeF2 (c) were taken to be

3.932 [50], 0.280 [51], 0.2640 [52], respectively.

The heats of formation used in the calculation of heat corrections
for impurities in the beryllium samples, the formation of Be2C, and
the beryllium-TefIon residues are those given in Table 1 and a heat of
formation of -221 [ 55 ] kcal deg

-
"- mole- " for CF^g).

The heats of formation of CgF^g), C2F£,(g), C3F6 (g), C3Fg(g) and

64^8 (g) used to calculate the heat correction for the change in higher
fluorocarbon content of the gases in a fluorine combustion were - 152 ,

-315, -259, -409, and -352 [ 64 ] kcal mole
-

-'-, respectively.
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Atomic weights used in the calculations were taken from the

1961 Table of Atomic Weights based on C-^ = 12 [59]* The unit of

energy is the Joule with one calorie equal to 4*184 Joules.

8.3 Uncertainty and Summary of Results

Table 8 is a summary of our results and preliminary estimates

of uncertainties. The precision is the 95 percent confidence limits

given by the Student t distribution. The precision of the measure-
ments are calculated from the standard deviation of the means of the

measurements. The overall precision includes the scatter due to the

calibration experiments, item (l), and, in the case of the heat of

formation of BeF2 , item (4) , also the scatter due to the Teflon
combustion.

The next five items of Table 8 are estimates of the systematic
error in the heat of formation due to uncertainties in the following:

(5) solid combustion product gas analysis and beryllium sample
composition; (6) heat capacity differences in the internal bomb
arrangement in the calibration and fluorine combustion experiments;

(7) collection of all unburned tungsten fuse; (8) analysis of
beryllium-TefIon combustion residue composition assuming all residues
have the same composition (indefinite sign); and (9) the change in

higher fluorocarbon (than CF^) content of the bomb gases for a

beryllium-TefIon combustion. The error of +0*13% appearing in

item (8) is an estimate of the upper limit of the change in the heat
of formation of BeFp when the composition of all of the beryllium-
TefIon combustion residues are known. Items (l) and (ll) are the
changes in the heat of formation of BeF2 if the residues from the
Teflon combustions are pure carbon rather than the assumed unburned
Teflon and the carbon in the beryllium sample is present as free
carbon rather than Be2C, respectively. Neither of these errors are
considered to be very likely but cannot be excluded at the present
time. No estimates of the systematic error due to the method of pellet
preparation have been made.

Although the 95% confidence intervals, due to precision, of the
heats of formation of BeF2 of the two series of measurements overlap,
evidence cited in section 8.1 clearly suggests that the two series do
not involve the same statistical population and the results of
series I, item (12), are unreliable. Accordingly, we find for the
standard state enthalpy change at 25°C for the reaction:

Be(c) + Fp(g) = BeF^ (c, amorphous)

avalue of -1,030.5 kJ mole
-
^ (-246.28 kcal mole- -^-) with a standard

error, based on the 95% confidence limits of the student t distribution,
of ±1.9 kJ mole- -^- (±0.45 kcal mole

-
-^). The systematic error is

tentatively estimated to be from + 0.9 to -7.5 kJ mole
-

-'-

(+ 0.2 to - 1.8 kcal mole"-1-).
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Table 8. Summary of Results and Uncertainties

A. Precision

Precision
Precision of Overall

Value Measurements Precision

(1) Standard initial Fp calorimeter, J°C 1

Teflon powder, AEgt31°C)/M, Jgm-1
-14,656.68

(2) -10,373.5
(3) TefIon film, AEq( 31°C)/M, Jgm-1 -10,396.5

(4) BeFp, Series I AHf . kJ mole-! -1,021.9

,
Series II AHf, kJ mole-! -1,030.5

B. Systematic errors in AH° of BeFp ( Percent of AHg of BeFo )

Error in results as calculated
Series II Series I

±2.7 ±2.7
±2.8 ±3.4
±5.6 ±5.9
±8 . 2 ±8 .

2

±1.8 ±1.9

(5) m
'

±0.07
nAE°(Be

2
C formed)

nAE°(lmp, solid)

(6) E^(cont) ±0.02

(7) nAE°(Fuse) +0.04 +0.04
(8) nAE° (residue

)

±0.04 +0.13 +0.07

(9) nAE°(lmp, gas) ±0.02
±0.09 ±0.11

Error in results if assumptions are invalid

(10) Assume residue of Teflon +0.20 +0.21

:n)

combustion is carbon and
not unburned Teflon
Assume carbon in Be sample
is present as carbon and
not Be

2
C

+0.26

+0.63

+0.19

+0.51
Overall

C. Summary of results Value Precision Systematic Error

(12) BeFp

,

series I, AHf, kJ mole-1 -1021.9 ±8.2 +1.1, -6.2

kcal mole -1 -244.2 ±2.0 +0.3, -1.5

(13) BeF2

,

series II
, AHf ,

kJ mole-1 -1030.5 ±1.9 +0.9, -7.5
kcal mole

-1 -246.28 ±0.45 +0.2, -1.8
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9* Appendix^ Solid Combustion Product Gas Analysis

9 o 1 Introduct ion

Addition of aqueous concentrated KOH to the combustion products

remaining in a nickel sample holder gave a mixture of hydrogen gas

from unburned beryllium, and methane gas from beryllium carbide*

Depending upon whether 100 or 200 mesh beryllium powder was burned

,

from 10“3 to 10” 5 moles, respectively, of this gas mixture had to be

analyzed and separated from water with an accuracy of 0*1 to 10$,
respectively* We felt this requirement excluded methods of analysis
based upon the weight of adsorbed carbon dioxide and water after
reaction of the gas mixture with oxygen or complete reliance on
mass spectrometer analysis of gas composition. However, the accuracy
'of the method of gas separation finally adopted does require nearly
complete absence of oxygen, i*e., no air leak in the container where
the KOH reaction is carried out. The following two sections summarize
the development of a satisfactory reaction chamber and the method of

gas analysis,

9 0 2 Reaction Chamber

Design of a leak free reaction chamber was complicated by the
necessity of being able to admit concentrated KOH to the reaction
chamber, heat the base to about 100°C* without "bumping", and open
the chamber to load it with a 1 l/4 inch diameter nickel sample holder.
These problems were solved in the reaction chamber sketched in
figure 3 by the use of inert Kel-F grease on all joints exposed to
base (stopcock B and joint D) and a ground glass joint, D, large
enough to pass the nickel cup, that could be water-cooled while the
base was being heated. "Bumping" of the base was prevented by the
large vapor- liquid interface of the base, E, when it was in the re-
action flask, G, and rotation of the nickel cup, H, with a magnetic
stirrer.

The reaction of the combustion products with KOH was carried
out as follows* The reaction chamber head (A, B, C, D of figure 3)
was connected in an inverted position to a vacuum system via joint D
(see connection 0 of figure 7). 25 cc of 50 weight percent KOH in
bulb A was degassed by evacuation of the bulb after each of three
successive freezings of the base in a dry ice-methylene chloride
bath* After clamping stopcock B in the closed position with springs
attached to wings, F, the reaction chamber head and flask, G, were
placed in a dry box, the box atmosphere was dried, and the nickel
cup and its contents were placed in the flask. The dry atmosphere

ft

To Insure completion of the reaction of beryllium metal with base*
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FIGURE 3 SKETCH OF REACTION CHAMBER
-3

A, bulb, 50 cm , containing degassed base; B, stopcock to admit
degassed base into reaction chamber; G, stopcock to gas analysis
system; D, water cooled ground glass joint; E, base (cone, KOH)

;

F, "wings" to secure spring clamps; G, reaction chamber flask;

H, nickel pellet cup from combustion bomb; I, solid combustion
products.
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was necessary since unburned beryllium, present in the cup along

with Be2C and some BeF2 powder, reacts slowly with moisture to

give hydrogen. Loss of cup contents or contamination of the glass

joint on t^e reaction flask with BeFq powder by electrostatic
attraction " was eliminated by covering the flask with Saran wrap
during the loading. After removing the Saran wrap, the reaction
chamber was assembled, decontaminated with water, removed from the

dry box, and evacuated via stopcock, C, to a pressure of less

than 10“3 mm of mercury,, After closure of stopcock C, base was
slowly admitted to the reaction chamber and the stopcock, B, was
spring-clamped in the open position. The reaction of the combustion
products with base was completed by placing the chamber in an oil
bath whose temperature is slowly raised and held at 80-100°C for
ten to twelve hours 0

It was found that the reaction chamber consistently leaked

less than 2 x 10“& moles of air during this procedure.

9.3 Gas Analysis

Initially, we attempted to develop a method of analysis based
upon separation of hydrogen from methane by passing the mixture
through a palladium filter, selectively permeable to hydrogen, and
measurement of the quantity of each gas by collection in a gas
burette,, The actual filter, a copy of a design by Rudzitis [60]

is given in figure 4* Gas flows into the glass mantle, D, enclosing
a palladium thimble. A, that is heated by a nichrome heater, E, to

a temperature of 500°C measured by a thermocouple in well F.

Hydrogen is sucked through the palladium via the Kovar tube, D,

connected to a glass tube at C leading to a Toepler pump. Experiments
testing this filter were made by connecting the filter inlet to a

bulb containing gas of known quantity and composition and the filter
outlet to a Toepler pump via a U-tube trap immersed in liquid nitrogen.

*

Since hot palladium is an excellent catalyst for the reactions

CH^ -t* 2 C0
2
+ 2H

2
0

H
2 2°2 H2°

the presence of air in the gas mixtures leads to total or partial
loss of the gas sample. Even in the absence of oxygen some sample is

lost, as indicated by the tests summarized in Table 9. This may be
caused by oxides present on the Kovar tube or nichrome heater even
after prolonged exposure to hydrogen

„

ft

Due to charge buildup during drying of the atmosphere of the dry box.

^To protect the palladium from the mercury in the Toepler pump.
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F

FIGURE 4 SKETCH OF PALLADIUM FILTER

A, palladium thimble; B* Kovar tube; G, Kovar to
glass seal; D, glass mantle; E, heater leads;
F, glass thermocouple veil; G, bypass stopcock*
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A method of gas separation that would avoid loss of the gas

sample was suggested by the successful separation and purification

of gases by preferential adsorption and desorption on molecular
sieves [61,62,63] » The possibility of using molecular sieves was

investigated by measuring equilibrium pressures (with either a

thermocouple gauge or mercury manometer) as a function of sieve

temperature (with a thermocouple) where approximately 2 x 10_/+ moles
of methane, nitrogen, or oxygen were placed in contact with 30 grams

of type 5A molecular sieve. Since hydrogen is scarcely adsorbed at

all at -190°C [ 63 ]* this data, summarized in figure 6, suggested
that hydrogen might be separated from oxygen from -170 to -180°C,

oxygen from methane from -130 to -140°C, and certainly hydrogen
from methane at -130 to -140°G o

Separation experiments were carried out with a sieve separator
essentially identical to the final model shown in figure 5* The gas

sample was completely adsorbed on the molecular sieve. A, by cooling
well B to about -215°C as measured by the thermocouples, E, This
temperature was produced by preliminary cooling of the jacket, D, in

liquid nitrogen and then by filling the jacket with liquid nitrogen
via tube, I, and pumping on the liquid via stopcock, L. After
closing stopcock C, the well was warmed to -195°C, the liquid nitrogen
was blown out of the jacket vj.a tube J by applying nitrogen pressure
at tube I. Stopcock C was slowly opened and then the sieve was slowly
warmed to and held at the "separation" temperature for one hour to
reduce contamination of the less strongly adsorbed gas by the more
tightly bound constituents. Because of the low pumping rate of our
Toepler pump, 250 cm

-
^ per minute, another sieve trap similar to that

in figure 5 was used to adsorb the "volatile gas" from the separator
by maintaining the trap at -215°C 0 Subsequent warming of this sieve
released the separated gas to be transferred to the gas burette with
the Toepler pump 0

Experiments with this apparatus, see Table 10, showed that
hydrogen can be separated from methane at a sieve temperature of
-130°C. However, separation of a mixture of hydrogen, oxygen, and
methane with an accuracy of 0 , 1% proved beyond the capability of our
apparatus.

A diagram of the gas analysis system is shown in figure 7, After
completion of the reaction of the combustion products with K0H and
freezing out the base by immersing the chamber flask (see G, figure 3)
in a dry ice-methylene chloride bath, the mixture of hydrogen and
methane gas was removed from the reaction chamber via cold trap D

(held near -78°C) . Large quantities of the gas mixture (greater than
10“3 moles) had to be adsorbed into the sieve separator, E, and
separated into hydrogen and methane in successive batches. Small
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Table 9, Tests of Palladium Filter

Gas to be analyzed

Composition EL, %
(mass spect.)CH, , %

other, %

H,

100.00
0.00
0.00

H2’ CH
4

77.5 + 3

22.5 + 3

0.00

Experimental arrangement

Initial sample, moles x 10

Amt. passing filter, moles x 10'

Amt. behind filter, moles x 10^

Sample lost, moles x 10
4

Obsv. composition H~, %
(sample collected) CH

, %
other, %

U

see text
Amt

.

Uncert

1.103 + 0.001
1.089 0.001
0.004 0.001
0.010 0.002

99.6 0.2

0.4 0.2

see text
Amt

.

Uncert

1.293 + 0.001
0.923 0.001
0.344 0.001
0.026 0.002
72.8 0.2
27.2 0.2

Table 10 Tests of Molecular Sieve Separator

Gas to be analyzed H
2 > CH

4
H
2 ’ CH

4

Initial composition Amt

.

Uncert

.

Amt

.

Uncert

.

EL> moles x 10^,

CH, , moles x 10^
,

Total, moles x 10^

3.367
2.031

+ 0.004
0.003

1.474
>2.0

+ 0.002

5.398 0.005

"Separation" temperature -144°C

•

-130°C.

Analyzed composition

H_, moles x 10^,

CH,
, moles x 10^

,

Total, moles x 10

3.354 + 0.004 1.478 + 0.002
2.049 0.003 >2.0
5.403 0.005
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FIGURE 5 SKETCH OF SIEVE SEPARATOR
A, type 5A molecular sieve; B, sieve well; C, stopcock to gas analysis system;

D, jacket; E, thermocouples; F, aluminum foil; G, heater wire; H, asbestos tape;

I, liquid nitrogen entry port; J, flushing port; K, removable rubber caps;

L, stopcock to rough vacuum*
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quantities of gas (2 x 10“^ moles) were usually collected in the

gas burette for measurement of the total moles of gas prior to

analysis by molecular sieve or the mass spectrometer (see results

in section 9.4)

•

The gas burette, I of figure 7, consists of a U-tube mercury
manometer with arms of equal internal diameter (about 1.4 cm)

connected to a mercury reservoir. The left arm is the actual gas

burette (100 cm~^)j the space over the mercury in the right arm is

kept evacuated. Variation of the air pressure above the mercury in

the reservoir permits variation of the mercury levels in the two arms

so that the pressure-volume product of the collected gas may be

measured with the best possible precision. The temperature of the
water jacket surrounding the left aim varies slowly enough with time

* to allow estimation of the temperature of the gas in the burette to

0.1°C, after appropriate corrections. The volume of the gas can be

estimated to 0.01 cm
-
3; the uncertainty of the burette calibration

is of the order of 0.03 cm
-

'3. Measurements of volume are corrected
for the space occupied by the mercury meniscus. Pressures may be

estimated to ±0.02 mm with a Herbrugg cathetometer. Measurements of

pressure are corrected for the effects of differences in temperature
and mercury meniscus heights of the two arms as well as for a small
refraction effect due to the fact only one arm of the manometer could
be placed in the water jacket. Experience showed that the standard
deviation for a single measurement of the quantity of gas in the
burette was 1, 0.15, and 0.10 percent for 2 x 10“5, 2 x 10

-
4, and

1 0 1 x 10“3 moles of gas, respectively.

9.4 Results of Analysis

Table 11 is a comparison of the analysis of about 2 x 10
“ ^ moles

of gas liberated by the reaction of K0H with the solid combustion
products by molecular sieve separation and mass spectrometer. Mass
spectrometer values for Nq, 0q> and Ar were added to the value for
Cli^ since the "methane fraction" of the sieve analysis would be
expected to contain all these components. The largest uncertainties
of mass spectrometer analyses (estimated by the analyst) are those
for hydrogen and methane. The uncertainty of the sieve analyses are
the 95 percent confidence limits assuming the standard deviation of a

single measurement of the quantity of gas is 1% (see section 9.3)

o

Although it is apparent there may be some discrepancies between the
two analyses, the agreement is well within the requirements for our
problem (see section 9*l). Neither the origin of the small quantities
of hydrocarbons, present in all the combustion product analyses, or
the N2 or 0q is known with certainty.
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J

FIGURE 7 GAS ANALYSIS SYSTEM
ky sample bulb; B, reaction chamber; C, mercury manometer; D # U~tube cold trap;
E, sieve separator; F, sieve pump; G, thermocouple gauge; H, foepler pump;
I, gas burettes; J, recycle line; K, storage bulb; L, connections to vacuum pump (l);

M, connection to vacuum pump (2); N* solenoid valves to control Toepler pump;

0, connection to reaction chamber head for degassing base; P, thermocouple gauge;

Q, vent to air; R, connection to air pressure.
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Residues from the beryllium-TefIon combustions were collected

quantitatively in glass fritted disc filters, weighed, and sent to

the NBS Analysis and Purification Section for analysis of carbon and

fluorine content 0 Although all these analyses have not been completed,

preliminary results suggest that the carbon content of the residues

from the series II combustions are higher than 87% (see section 8.3).

Table 12 is a summary of the combustion product analyses based
on the molecular sieve gas separations. Methane, for experiments

3,1? 3Hj 411 ; and 5,11 was calculated from the moles of gas in the
"methane fraction" given by the sieve analyses and the percent of

methane in this fraction given by the mass spectrometer analyses.
Since no mass spectrometer analysis was made for experiment 2,11, the
percent of methane in the sieve analysis "methane fraction" was esti-
mated from the results of the above experiments. Methane and hydrogen
for experiments 1,1 and 6,1, where the total moles of gas was 2 x 10~3

f

ware calculated using the results of the sieve analysis and corrections
for the relatively small amounts of impurities (air, methane in the
hydrogen fraction of the sieve analysis from 0.2 to 0.4 percent) given
by the mass spectrometer analyses. Uncertainties in Table 12 are the

95 percent confidence limits based on the standard deviation of single
measurements of the moles of gas cited in section 9.3.
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Table 12. Results of Combustion Product Analyses

Expt No. Unburne

d

Uncert

.

BegC Uncert

.

Residue Uncert

.

Beryllium in Products
Mg- Mg. Mg. Mg. Mg. Mg.

1, I 18.536 0.037 5-442 0.125 1.683 0.04

3, I 0.148 0.005 0.213 0.015 1.706 0.04
6, I 17.832 0.034 6.578 0.059 2.131 0.04
2, II 0.144 0.003 0.279 0.003 2.00 0.04

3, II 0.184 0.006 0.195 0.016 2.011 0.04

4, II 0.098 0.003 0.405 0.034 1.916 0.04
5, II 0.091 0.003 0.285 0.011 1.670 0.04
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APPEND!! I

FORMULA-PROPERTY INDEK FOR THE PRECEDING THIRTEEN
OF THESE REPORTS

”*

by Howard W, Flieger, Jr*, Martin L. Reilly, and Thomas B. Douglas

In the preceding report, the thirteenth in this series, a

formula-property index to the first twelve of the reports was

given (MBS Report 8628, 1 January 1965, pp* 30-47)* The following

index is the result of correcting those errors in that index which
came to our attention, of improving the format in several ways,

and of making insertions to include also the thirteenth report

(MBS Report 8628). (The present (fourteenth) report is no_t included.)

The earlier formula-property index is thus superseded.

For the purpose of the present index the MBS report numbers are

referred to as the following Volume numbers:

NBS VOLUME
REPORT NO. NUMBER

6297 1

6484 2 -

6645 3
6928 4-
7093 5

7192 6

7437 7

7587 8

7796 9

8033 10

8186 11

8504 12
8628 13

The arrangement of the chemical formulas in the index is alpha-
betical, and the placement of the chemical symbols within a given
formula is also alphabetical. Chemical isomers are not distinguished.
In general, four printing spaces are allocated to each chemical symbol
and its numerical occurrence in the formula (with two blanks in the
numeric field whenever the number 1 is understood) . If references are
listed for a neutral species and for a positive ion and a negative ion
all having the same chemical formula, the three are listed in this
order, with an appropriate sign ending the formula of each of the
ions. Two successive hyphens separate components in a chemical
system (a system is indexed under each component and follows all
other listings of that component) • Although the printing of chemical
symbols is restricted solely to capital letters, the above scheme
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formally prevents ambiguity; e.g. , Go and CO are given as CO and

C 0, respectively. This order and arrangement of chemical

formulas may appear clearer from the following table, presented as

an example. Several species are listed in the relative order in

which they appear (with intervening entries) in the index. On each
line a customary form of the formula is given at the left , and the
corresponding; entry in the index (including spaces) at the right.

BeA-tO AL BE 0

Be
+

Be

BE

BE +

Be" BE -

BeH BE H

BeH
2

BE H
2

BeOH** BE H 0 v

Be (OH)
2

BE H
2 ° 2

BeO BE 0

System BeO-ZrO^-MgO BE 0 —MG 0 —0 ZR

Be c be
2

c

Be
2
0 be

2
°

It will be noted that the present index traverses the two halves
of each page consecutively* On each half page the chemical formula
is followed (in an aligned block) by two symbols: The letter indicates
the property or study, and the number indicates the source or treat-
ment of the information* The Interpretation of these letters and
numbers is given in the key just preceding the index.

The specific reference for a given entry (in the third aligned
block of each half page) gives first the Volume number of the report
as identified in the first table above; and second, in parentheses,
the page number (or initial page number) . An exception to this mile
occurs for Volumes 2, 3 , and 4 > in which the pages of the appendices
were not numbered. In these cases the page number is replaced by
the Table number, which always contains a letter or a hyphen and so

is easily distinguishable from page numbers*

The following index is presented in its entirety in two alterna-
tive forms below. In the first, all chemical formulas are in order



as described above. In the second, the index is subdivided into

groups each of which lists all entries with the same property-source
classification (e.g., all with B5 appear together). Which form of

the index one prefers to use would' depend on whether one is more
interested in all properties of a given substance, or all substances

for which information on a given property is given in these reports.
One could hardly hope to make a classification of thermodynamic
properties that was mutually exclusive without being cumbersome,
and we hold no brief for the freedom of ours from resulting
ambiguity. However, in some cases alternative entries were in-

cluded to provide some cross-referencing. It is appropriate to add

also that the index, though carefully prepared, was not systematically
checked for errors or omissions.

Several extensive bibliographies and tables found in some of
the reports referenced have not been included in this index — not
through any lack of their importance but because of insufficient
time for their inclusion. These bibliographies are listed below.

TITLE VOLUME PAGES

A Brief Review of the Heat Relationships
Among the Crystalline Oxides and Oxyhydrates
of Aluminum. 1 74-35

References to Recent Values for Heats
of Formation. 5 169-173

The Heats of Formation of Inorganic
Fluorine Compounds— A Survey. 6 92-175

Recent Additions to the Literature on the
Chemistry of the Light Elements. 7 39-60

Thermochemical Data for Some Simple Hydrides
and Inorganic Oxidizers. 7 79-89

Recent Additions to the Literature Related
to the Heats of Formation of Compounds of
Selected Elements. 8 76-89

New Literature Relating to Heats of Formation
of the Light Elements and Their Compounds 9 40-81

Substance-Property Index for 1962. 9 82-156
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TITLE VOLUME PAGES

A Bibliography Relating to Heats of Formation,
Enthalpy Changes Resulting from Phase Changes,
and the Heat Capacities of Aluminum and
Beryllium Fluorides, Oxyfluorides, Chlorides,
and Oxychlorides, and of Lithium Fluoride. 10 22-35

New Literature Relating to Heats of Formation
of Fluorine Compounds of Selected Elements* 11 122- L42

Preliminary List of Ionization Potentials or

Electron Affinities of Light Element Compounds. 12 135-202

Selected Thermochemical Values 13 79-88

In reality, the content of the Preliminary List of Ionization
Potentials or Electron Affinities of Light Element Compoimds in
"Volume 12" is included in the index, since the latter covers the
updated and amplified version that appeared as Appendix IV of
"Volume 13*" A brief explanation of this coverage is in order.
All values in that appendix are classified here as A2 ("heats of
formation taken from the literature", even though some values actu-
ally received some critical appraisal). Furthermore, such a

reference is given not under the formula of the neutral species
but rather under the formula of the positive or negative ion whose
heat of formation (nominally at 0°K) from the neutral species is

represented ("with proper sign) by the tabulated ionization
potential or electron affinity, respectively.
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KEY to property or study:

Property
or Study
Letter Interpretation

A Heats of reaction, dissociation and formation.
B Thermodynamic functions of solids, liquids and solutions.
_C Thermodynamic functions of gases.
D Vapor pressure and vaporization equilibria, decomposition

and dissociation studies, and heats of vaporization and
sublimation.

E Data of state and related physical properties.
F Phase diagrams.
G Absorption and emission spectroscopy including molecular

constants.
H Kinetic studies.
J Chemical preparation and/or purification studies.
K Electrical discharge (exploding wire) studies,
L Calorimetry techniques.
M Mass spectroscopy studies.

Source and
Treatment
Number

1

2

3

4
5

6

7

8

9

Source and/or treatment of information

NBS reported.
Literature (non-NBS) reported.
NBS critical evaluation, review and analysis of data.
Non-NBS critical evaluation, review and analysis of data.
Tables at a standard state.
Ideal Gas tables.
Theoretical or empirical estimate.
Apparatus description.
Tables of thermodynamic properties with temperature or
pressure argument and other tables.
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D \TW\ J-VLdle»-jK

A. THE INDEX, IN ORDER OF FORMULA

AL CL 2
F C 6 2 ( 1-62 )

AL Ct-2 F C 6 4(

A

66 )

AL CL
2

F G2 1 ( 44 )

al CL 2
F G9 2 ( 51 )

al cl 3
A2 1 ( 59 )

al cl 3
A2 1 ( 66 )

AL CL 3
A2 2 ( 89 )

AG C5 12 (184 ) AL A2 2(103)

AG CL C5 12(184) AL CL 3
A3 4 ( 36 )

ag 2 0 C5 12(184) AL cl 3
A 5 4 ( C. 2 )

AG + C5 12(184) AL Ct-3 B2 3 ( 64 )

AL A2 1( 58) AL CL 3
B3 1 ( 26 )

AL a 2 2 ( 101 ) al cl 3
B5 1 ( 9 )

AL A5 4 ( C 1 ) AL 0-3 B5 2 ( 20 )

AL B2 1 ( 7) AL cl 3
B9 2 ( 2 - 6 )

AL B 2 2 ( 22 ) AL cl
3

B9 4 ( B 6 )

AL B3 1 ( 26) AL 0-3 C 6 2 ( 1-64 )

AL B5 1 ( 9 ) AL cl 3
C 6 4(

A

68 )

AL B5 2 ( 20 ) AL CL 3
G2 1 ( 44 )

AL B9 2 ( 2 - 1 ) AL 0-3 G9 2 ( 51 )

AL B9 4 ( B 1 ) AL 0-3 S2 4 ( 36 )

AL C 6 2 ( 1-13

)

AL 0-3 + A 2 13 ( 108 )

AL C 6 4 ( A 1 3 ) AL 0-3 H 12 ° 6 A2 2 ( 89 )

AL D2 1 ( 48) AL cl 3
H 12 ° 6

A 2 2(103)

AL K 1 12 ( 26) al 0-3 H 12 ° 6
A5 4 { C 2)

AL + A2 13(108) AL F A2 1 ( 59 )

AL + C 6 6(229) AL F A2 1 ( 65 )
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APPENDIX II

THERMODYNAMIC FUNCTIONS OF SOME SELECTED SUBSTANCES

IN THE SOLID AND LIQUID STATES

by George T, Fur'uEawa and Martin L* Reilly

(See Chapter B7 (pages 130-136) for discussion*)
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TABLE B-134

THERMODYNAMIC FUNCTIONS FOR POTASSIUM NITRATE < K N 0 )

SOLID AND LIQUID PHASES 3

GRAM MOLECULAR WT.= 101.1069
T DEG K.

GRAMS
= 273.15 + T DEG C

1 CAL=4. 1840 JOULES

T -(G°-HC )/T (H°-H C
) /T (S -sc ) (H0-H C

) CO -(G°-H C
)

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K DEG~MOCE DEG-MOEE DEG“MOEE MOCE DEG-MOEE MOEE

SOLID PHASE (ALPHA)

n.nn n.noo 0.000 0.000 0.000 0.000 0.000
5.00 0.002 0.006 0.008 0.029 0.023 0.010

10.00 0.015 0.044 0.059 0.441 0.173 0. 150
15.00 0.049 0.143 0.193 2.151 0.557 0.738
20.00 0.113 0.326 0.439 6.510 1.237 2.265
25.00 0.213 0.596 0.810 14.904 2.142 5. 336
30.00 0.351 0.937 1.288 28.108 3. 164 10.538
35.00 0.525 1.339 1.864 46.868 4.357 18.381
40.00 0.733 1.793 2.527 71.739 5.587 29.328
45.00 0.972 2.279 3.251 102.54 6.721 43.751
50.00 1.238 2.777 4.015 138.83 7.781 61.901
55.00 1.526 3.278 4.804 180.28 8.789 83.939
60.00 1.833 3.776 5.609 226.57 9.714 109.97
65.00 2.154 4.265 6.420 277.23 10.534 140.04
70.00 2.488 4.740 7.228 331.77 11.267 174. 16
75.00 2.831 5.197 8.028 389.80 11.937 212.30
80.00 3.180 5.638 8.819 451.05 12.553 254.42
85.00 3.535 6.062 9.597 515.24 13.112 300.47
90.00 3.893 6.467 10.361 582.07 13.610 350.37
95.00 4.253 6.855 11.108 651.25 14.052 404.04
100.00 4.614 7.225 11.839 722.51 14.446 461.42
105.00 4.975 7.578 12.553 795.65 14.804 522.41
110.00 5.336 7.914 13.249 870.50 15.134 586.92
115.00 5.695 8.234 13.929 946.96 15.444 654.88
120.00 6.052 8.541 14.593 1024.9 15.736 726. 19
125.00 6.406 8.834 15.241 1104.3 16.012 800.78
130.00 6.758 9.115 15.874 1185.0 16.272 878.57
135.00 7.107 9.385 16.492 1267.0 16.517 959.49
140.00 7.453 9.644 17.097 1350.2 16.749 1043.5
145.00 7.796 9.893 17.689 1434.5 16.968 1130.4
150.00 8.136 10.132 18.268 1519.8 17.178 1220.3
155.00 8.472 10.363 18.834 1606.2 17.380 1313.1
160.00 8.804 10.585 19.389 1693.6 17.576 1408.7
165.00 9.133 10.800 19.933 1782.0 17.769 1507.0
170.00 9.459 11.008 20.466 1871.3 17.960 1608.0
175.00 9.781 11.209 20.990 1961.6 18.149 1711.6
180.00 10.099 11.404 21.504 2052.8 18.338 1817.9
185.00 10.414 11.594 22.009 2145.0 18.527 1926.6
190.00 10.726 11.779 22.505 2238.1 18.715 2037.9
195.00 11.034 11.960 22.994 2332.1 18.903 2151.7
200.00 11.339 12.135 23.475 2427.1 19.091 2267.9
205.00 11.641 12.307 23.949 2523.0 19.280 2386.4
210.00 11.940 12.476 24.415 2619.9 19.468 2507.3
215.00 12.235 12.641 24.876 2717.7 19.658 2630.6
220.00 12.528 12.802 25.330 2816.5 19.848 2756.

1

225.00 12.817 12.961 25.778 2916.2 20.039 2883.8
230.00 13.104 13.117 26.221 3016.9 20.231 3013.8
235.00 13.387 13.270 26.658 3118.5 20.423 3146.0
240.00 13.668 13.421 27.090 3221.1 20.616 3280.4
245.00 13.947 13.570 27.517 3324.7 20.810 3416.9
250.00 14.222 13.717 27.939 3429.2 21.003 3555.6
255.00 14.495 13.862 28.357 3534.7 21.195 3696.3
260.00 14.766 14.004 28.770 3641.1 21.386 3839.

1

265.00 15.034 14. 145 29.179 3748.5 21.576 3984.0
270.00 15.300 14.285 29.585 3856.9 21.764 4130.9
273.15 15.466 14.372 29.838 3925.6 21.881 4224.5
275.00 15.563 14.422 29.986 3966.2 21.950 4279.8
280.00 15.824 14.559 30.383 4076.4 22.133 4430.8
285.00 16.083 14.693 30.776 4187.5 22.313 4583.7
290.00 16.340 14.826 31.166 4299.5 22.491 4738.5
295.00 16.594 14.957 31.552 4412.4 22.667 4895.3
298.15 16.754 15.039 31.793 4484.0 22.776 4995.1
310.00 17.346 15.343 32.689 4756.3 23.179 5377.2

Hp AND Sq APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-134 (CONT.I

THERMODYNAMIC FUNCTIONS FOR POTASSIUM NITRATE <K N 0 )

SOLID AND LIQUID PHASES

: AM MOLECULAR WT.= 101.1069 GRAMS 1 CAL=4. 1840 JOULES
T DEG K = 273.15 + T DEG C

T ( G°-HC ) /T (H°-H C
) /T (S -S C

) ( H°—

H

C
> C o

- (G°-HC )

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K DEG'ROCE DEG'ROCE DEG'ROCE ROCE DEG'ROCE ROCE

SOLID PHASE (ALPHA)

300.00 16.847 15.087 31.934 4526.2 22.840 5054.

0

320.00 17.837 15.593 33.430 4989.7 23.511 5707.8
330.00 18.320 15.838 34.158 5226.5 23.839 6045.7
340.00 18.797 16.078 34.875 5466.5 24.164 6390.9
350.00 19.266 16.314 35.580 5709.8 24.489 6743.2
360.00 19.729 16.545 36.274 5956.3 24.813 7102.4
370.00 20.185 16.773 36.959 6206.0 25.139 7 468 .

6

373.15 20.328 16 • 844 37.172 6285.4 25.241 7585.4
380.00 20.636 16.997 37.633 6459.0 25.464 7841.6
390.00 21.080 17.219 38.299 6715.3 25.787 8221.3
400.00 21.519 17.437 38.956 6974.8 26.109 8607.5
401.00 21.562 17.458 39.021 7000.9 26.141 8646.5

SOLID PHASE (BETA)

401.00 21.562 20.958 42.520 8404.0 28.800 8646.5
401.00 21.562 20.958 42.520 8404.0 28.800 8646.5
425.00 22.794 21.400 44.194 9095.2 28.800 9687.3
450.00 24.029 21.812 45.840 9815.2 28.800 10813.
475.00 25.218 22.179 47.397 10535. 28.800 11979.
500.00 26.364 22.510 48.875 11255. 28.800 13182.
550.00 28.537 23.082 51.620 12695. 28.800 15696.
600.00 30.567 23.559 54.126 14135. 28.800 18340.
611.00 30.996 23.653 54.649 14452. 28.800 18938.

LIQUID PHASE

611.00 30.996 28.236 59.231 17252. 29.500 18938.
650.00 32.745 28.312 61.057 18402 . 29.500 21284.
700.00 34.846 28.396 63.243 19877. 29.500 24392.

H^ AND S^ APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-135

THERMODYNAMIC FUCTIONS FOR SODIUM NITRATE (NA N 0 )

SOLID AND LIQUID PHASES 3

GRAM MOLECULAR WT.= 84 • 9947 GRAMS 1 CAL=4.1840 JOULES

T -(G°-HC
) /T

T DEG K

(H°-H C ) /T

= 273.15 +

(S -S
C

)

T DEG C

( H°-H C
) C° -(G°-H C

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K DEG“ROEE D5G~R0E5 DEG'ROUE HOEE DEG-ROCE ROEE

SOLID PHASE 1
ALPHA)

0.00 0.000 0«000 0.000 0.000 0.000 0.000
5.00 0.001 0.003 0.004 0.017 0.013 0.006

10.00 0.009 0.027 0.035 0.266 0.106 0.089
15.00 0.030 0.090 0.120 1.346 0.359 0.449
20.00 0.071 0.212 0.283 4.239 0.839 1.417
25.00 0.137 0.403 0.540 10.072 1.518 3.435
30.00 0.232 0.653 0.886 19.603 2.309 6.966
35.00 0.355 0.951 1.306 33.291 3.173 12.417
40.00 0.503 1.283 1.786 51.333 4.045 20.126
45.00 0.675 1.639 2.314 73.747 4.923 30.358
50.00 0.866 2.012 2.879 100.61 5.824 43.324
55.00 1.076 2.399 3.476 131.95 6.7 06 59. 199
60.00 1.302 2.793 4.095 167.56 7.528 78. 117
65.00 1.541 3.187 4.728 207.12 8.288 100.17
70.00 1.792 3.577 5.368 250.37 9.005 125.41
75.00 2.051 3.962 6.013 297.12 9.690 153.86
80.00 2.319 4.340 6.659 347.21 10.338 185. 54
85.00 2.594 4.711 7 . 304 400.42 10.936 220.45
90.00 2.873 5.072 7.945 456.47 1 1.476 258. 58
95.00 3.157 5.422 8.579 515.09 11.966 299.89
100.00 3.444 5.761 9.204 576.06 12.418 344.35
105.00 3.733 6.088 9.820 639.23 12.842 391.92
110.00 4.023 6.404 10.427 704.44 13.242 442.54
115.00 4.315 6.710 11.024 771.61 13.620 496. 17

120.00 4.606 7.005 11.611 840.60 13.975 552.76
125.00 4.898 7.291 12.189 911.33 14.312 612.27
130.00 5.190 7.567 12.757 983.70 14.634 674 . 64
135.00 5.480 7.834 13.315 1057.7 14.944 739.82
140.00 5.770 8.094 13.864 1133.1 15.242 807.77
145.00 6.058 8.345 14.403 1210.1 15.529 878.44
150.00 6.345 8.589 14.935 1288.4 15.804 951.79
155.00 6.631 8.826 15.457 1368.1 16.065 1027.8
160.00 6.915 9.056 15.971 1449.0 16.313 1106.3
165.00 7.197 9.280 16.477 1531.2 16.549 1187.5
170.00 7.477 9.497 16.974 1614.5 16.777 1271.

1

175.00 7.755 9.708 17.464 1698.9 16.997 1357.2
180.00 8.032 9.914 17.945 1784.5 17.212 1445.7
185.00 8.306 10.114 18.420 1871.1 17.426 1536.6
190.00 8.578 10.309 18.888 1958.7 17.638 1629.9
195.00 8.849 10.500 19.348 2047.4 17.850 1725.5
200.00 9.117 10.686 19.803 2137.2 18.063 1823.4
205.00 9.383 10.869 20.25

2

2228.1 18.276 1923.5
210.00 9.647 11.047 20.695 2320.0 18.490 2025.9
215.00 9.909 11.223 21.132 2413.0 18.705 2130.5
220.00 10.169 11.396 21.565 2507.0 18.920 2237.2
225.00 10.427 11.565 21.992 2602.2 19.135 2346.

1

230.00 10.683 11.732 22.415 2698.4 19.351 2457.

1

235.00 10.937 11.896 22.834 2795.7 19.566 2570.2
240.00 11.189 12.058 23.248 2894.0 19.780 2685.4
245.00 11.440 12.218 23.658 2993.5 19.993 2802.7
250.00 11.688 12.376 24.064 3094.0 20.205 2922.0
255.00 11.935 12.531 24.466 3195.5 20.416 3043.3
260.00 12. 180 12.685 24.865 3298.1 20.626 3166.7
265.00 12.423 12.837 25.259 3401.8 20.834 3292.0
270.00 12.664 12.987 25.651 3506.5 21.042 3419.3
273.15 12.815 13.081 25.896 3572.9 21.172 3500.4
275.00 12.904 13.135 26.039 3612.2 21.248 3548.5
280.00 13.142 13.282 26.424 3718.9 21.455 3679.6
285.00 13.378 13.427 26.805 3826.7 21.661 3812.7
290.00 13.613 13.571 27.184 3935.6 21.869 3947.7
295.00 13.846 13.713 27.559 4045.4 22.077 4084 .

5

298.15 13.992 13.802 27.794 4115.2 22.210 4171.7
300.00 14.078 OJ CD VJ1 P' 27.932 4156.3 22.288 4223.3

H^ AND Sp APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K



TABLE 8-135 (CONT.)

THERMODYNAMIC FUCTIONS FOR SODIUM NITRATE ( NA N 0 )

SOLID AND LIQUID PHASES 3

GRAM MOLECULAR WT.= 84.9947 GRAMS 1 CAL=4.1840 JOULES
T DEG K = 273.15 + T DEG C

T ( G°-HC ) /T (H°-HC ) /T (S -S C ) ( H°-H C
) C° -(G°-H C

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K BEG

_
M0CE B5G~W0C5 BEG

_
M0CE ROCE DEG“R0EE ROCE

SOLID PHASE (ALPHA)

300.00 14.078 13.854 27.932 4156.3 22.288 4223.3
310.00 14.536 14.133 28.670 4381.3 22.716 4506.3
320.00 14.990 14.408 29.398 4610.7 23.156 4796.6
330.00 15.437 14.680 30.117 4844.5 23.608 5094.2
340.00 15.879 14.950 30.829 5082.9 24.071 5399.0
350.00 16.317 15.217 31.533 5325.9 24.543 5710.8
360.00 16.749 15.483 32.232 5573.8 25.021 6029.6
370.00 17.177 15.747 32.924 5826.4 25.501 6355.4
373.15 17.311 15.830 33.140 5906.9 25.652 6459.4
380.00 17.600 16.010 33.610 6083.8 25.981 6688.

1

390.00 18.019 16.272 34.291 6346.0 26.459 7027.6
400.00 18.435 16.532 34.967 6612.9 26.935 7373.9
425.00 19.456 17.179 36.635 7301.1 28.115 8269.0
450.00 20.456 17.819 38.276 8018.7 29.295 9205.4
475.00 21.437 18.455 39.892 8766.0 30.491 10183.
500.00 22.400 19.087 41.487 9543.6 31.722 11200.
549.20 24.248 20.332 44.580 11167. 34.290 13317.

SOLID PHASE (BETA)

549.20 24.248 22.219 46 • 466 12203. 34.290 13317.
550.00 24.278 22.237 46.517 12230. 34.333 13353.
579.20 25.448 22.887 48.334 13256. 34.946 14739.

liquid phase

579.20 25.448 28.912 54.359 16746. 34.946 14739.
600.0 26.471 29.177 55.648 17506. 37.131 16122.

H^ AND Sq APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO» DEG K
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TABLE B-136

THERMODYNAMIC FUNCTIONS FOR SODIUM ALUMINUM META-SILICATE ( NA AL SI 0 I

(JADEITE) 1 6

GRAM MOLECULAR WT.= 202.1397 GRAMS
T DEG K = 273.15 + T DEG C

1 CAL=4. 1840 JOULES

T -<G°-Hq ) /T (H°-Hq ) n tS
T

S
o’

(H
t
_h

o’
C°L
P

-
( G?- H

o>

DEG K
CAL CAL CAL CAL CAL CAL

DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

SOLID PHASE

0.00 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.000 0.000 0.001 0.002 0.002 0.001

10.00 0.002 0.006 0.007 0.057 0.027 0.016
15.00 0.007 0.025 0.032 0.376 0.114 0.103
20.00 0.019 0.066 0.085 1.320 0.275 0.383
25.00 0.040 0.129 0.169 3.224 0.496 1.006
30.00 0.071 0.212 0.283 6.361 0.768 2.125
35.00 0.111 0.315 0.426 11.010 1.103 3.883
AO. 00 0.161 0.438 0.599 17.526 1.517 6.431
45.00 0.221 0.585 0.806 26.334 2.022 9.928
50.00 0.291 0.758 1.049 37.910 2.625 14.550
55.00 0.372 0.959 1.331 52.743 3.322 20.485
60.00 0.466 1.188 1.653 71.256 4.094 27.931
65.00 0.570 1.443 2.013 93.768 4.919 37.080
70.00 0.687 1.722 2.409 120.51 5.784 48. 121
75.00 0.816 2.022 2.838 151.65 6.677 61.226
80.00 0.957 2.341 3.298 187.31 7.590 76.555
85.00 1.109 2.677 3.786 227.58 8.519 94.256
90.00 1.272 3.028 4.300 272.52 9.461 114. 46
95.00 1.445 3.392 4.837 322.20 10.412 137. 29

100.00 1.629 3.767 5.395 376.66 11.372 162.86
105.00 1.822 4.152 5.973 435.92 12.333 191.28
110.00 2.024 4.545 6.569 499.99 13.293 222.63
115.00 2.235 4.946 7.181 568.84 14.245 257.00
120.00 2.464 5.353 7.807 642.42 15.185 294.46
125.00 2.681 5.765 8.446 720.67 16.111 335.09
130.00 2.915 6.181 9.096 803.50 17.020 378.94
135.00 3.156 6.599 9.755 890.84 17.912 426.06
140.00 3.404 7.019 10.422 982.59 18.788 476.50
145.00 3.657 7.439 11.096 1078.7 19.647 530.30
150.00 3.917 7.860 11.777 1179.0 20.490 587.48
155.00 4.181 8.281 12.462 1283.6 21.315 648.07
160.00 4.451 8.701 13.152 1392.2 22.121 712.11
165.00 4.725 9.120 13.844 1504.7 22.909 779. 59
170.00 5.003 9.537 14.540 1621.2 23.677 850.55
175.00 5.286 9.951 15.237 1741.5 24.425 924.99
180.00 5.572 10.363 15.935 1865.4 25.153 1002.9
185.00 5.861 10.773 16.634 1993.0 25.862 1084.3
190.00 6.154 11.179 17.333 2124.0 26.554 1169.3
195.00 6.450 11.582 18.032 2258.5 27.229 1257.7
200.00 6.748 11.981 18.729 2396.3 27.888 1349.6
205.00 7.049 12.377 19.426 2537.3 28.532 1445.0
210.00 7.352 12.769 20.121 2681.6 29.162 1543.8
215.00 7.657 13.158 20.814 2828.9 29.779 1646.2
220.00 7.964 13.542 21.506 2979.3 30.383 1752.0
225.00 8.272 13.923 22.195 3132.7 30.976 1861.2
230.00 8.582 14.300 22.883 3289.1 31.556 1973.9
235.00 8.894 14.674 23.567 3448 .

3

32.124 2090.1
240.00 9.207 15.043 24.250 3610.3 32.680 2209.6
245.00 9.521 15.408 24.929 3775.1 33.223 2332.5
250.00 9.836 15.770 25.606 3942.5 33.753 2458.9
255.00 10.151 16.128 26.279 4112.6 34.269 2588.6
260.00 10.468 16.481 26.949 4285.2 34.772 2721.7
265.00 10.785 16.831 27.616 4460.3 35.260 2858. 1

270.00 11.103 17.177 28.280 4637.7 35.734 2997.8
273.15 11.304 17.393 28.696 4750.8 36.026 3087.6
275.00 11.421 17.518 28.940 4817.6 36.195 3140.9
280.00 11.740 17.856 29.596 4999.7 36.641 3287.2
285.00 12.059 18.189 30.248 5184.0 37.075 3436.8
290.00 12.378 18.519 30.897 5370.4 37.496 3589.7
295.00 12.698 18.844 31.541 5558.9 37.905 3745.8
298.15 12.899 19.046 31.945 5678.7 38.158 3845.8
300.00 13.017 19.165 32.182 5749.4 38.304 3905.1

H
0

AN ° S
0

APPLY T0 THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-136 (CONT.)

THERMODYNAMIC FUNCTIONS FOR SODIUM ALUMINUM META-SILICATE (NA AL SI 0 )

( JADEITE) 2 6

GRAM MOLECULAR WT.= 202.1397 GRAMS 1 CAL = 4

.

1840 JOULES
T DEG K = 273.15 + T DEG C

n C 0 ,
C , C . 0 .

c , ,-0 ,„o .
,c

.

T (G
t
-h

0
)/t ,h

t-
h
o
,/t <ST-V ,H ?- H

0 ’ P -'W
CAL CAL CAL cal CAL CAL

DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

SOLID PHASE

300.00 13.017 19.165 32.182 5749.4 38.304 3905.1
310.00 13.656 19.795 33.450 6136.3 39.073 4233.3
320.00 14.294 20.409 34.703 6530.8 39.808 4574.

1

330.00 14.931 21.007 35.938 6932.4 40.515 4927.3
3 A0 . 00 15.567 21.591 37.158 7341.0 41.198 5292.8
350.00 16.201 22.161 38.362 7756.3 41.857 5670.4
360.00 16.833 22.717 39.550 8178.1 42.494 6060.0
370.00 17.463 23.260 40.723 8606.

1

43.108 6461.3
373.15 17.661 23.428 41.089 8742.2 43.297 6590.2
380.00 18.090 23.790 41.880 9040.

1

43.700 6874.4
390.00 18.715 24.308 43.023 9480.0 44.270 7298.9
400.00 19.337 24.814 44.151 9925.5 44.817 7734.8
425.00 20.878 26.028 46.906 11062. 46.089 8873.2
450.00 22.399 27.175 49.574 12229. 47.234 10079.
475.00 23.897 28.259 52.156 13423. 48.265 11351.
500.00 25.373 29.283 54.655 14641

.

49.197 12686.
550.00 28.254 31.168 59.422 17143. 50.807 15540.
600.00 31.040 32.862 63.902 19717. 52.147 18624.
650.00 33.732 34.391 68.122 22354. 53.277 21926.
700.00 36.332 35.775 72.107 25042 . 54. 244 25432.
750.00 38.844 37.035 75.878 27776. 55.083 29133.
800.00 41.271 38.186 79.457 30549. 55.820 33017.
850.00 43.618 39.243 82.861 33357. 56.476 37075.
900.00 45.889 40.217 86.106 36195. 57.065 41300.
950.00 48.088 41.118 89.206 39062. 57.600 45684.

1000.00 50.219 41.955 92.173 41955. 58.091 50219.
1050.00 52.285 42.734 95.019 44871

.

58.545 54899.
1100.00 54.290 43.462 97.752 47809. 58.967 59719.
1150.00 56.237 44. 145 100.38 50767. 59.363 64672.
1200.00 58.129 44.787 102.92 53745. 59.736 69755.

Hq and s£ apply TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K



TABLE B— 137

THERMODYNAMIC FUNCTIONS FOR SODIUM MONOTITANATE ( NA TIO )

SOLID PHASE 2 3

GRAM MOLECULAR WT.= 141 .8778
T DEG K

GRAMS
= 273.15 + T DEG C

1 CAL=4. 1840 JOULES

T -(G°-HC )/T (H°-H C
) /T (S -SC ) (H°-H C

) C° -(G°-H C
)

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K DEG_TOEE DEG

-MOEE DEG~MOEE MOEE DEG~MOEE MOEE

0.00 0.000 0.000 0.000 0*000 0*000 0.000
5.00 0.000 0.001 0.001 0.006 0.004 0.002

10.00 0.003 0.009 0.012 0.088 0.035 0.029
15.00 0.010 0.030 0.040 0.446 0.119 0.149
20.00 0.023 0.070 0.094 1 .406 0.280 0.470
25.00 0.046 0.136 0.182 3.402 0.535 1. 143
30.00 0.078 0.231 0.309 6.930 0.893 2.354
35.00 0.123 0.357 0.480 12.505 1.354 4.310
40.00 0.181 0.516 0.697 20.640 1.915 7. 234
45.00 0.252 0.707 0.959 31.805 2.564 11.355
50.00 0.338 0.928 1.266 46.396 3.282 16. 899
55.00 0.438 1.177 1.614 64.713 4.052 24.083
60.00 0.552 1.450 2.001 86.972 4.858 33. 107
65.00 0.679 1.744 2.423 113.34 5.695 44 .154
70.00 0.820 2.057 2.876 143.96 6.554 57.390
75.00 0.973 2.385 3.358 178.90 7.420 72.965
80.00 1.138 2.727 3.864 218.15 8.279 91.012
85.00 1.313 3.078 4.392 261.66 9.126 111.65
90.00 1.500 3.438 4.937 309.39 9.963 134.96
95.00 1.695 3.803 5.498 361.27 10.789 161.04
100.00 1.900 4.173 6.072 417.27 11.605 189.96
105.00 2.112 4 • 546 6.658 477.30 12.406 221.78
110.00 2.332 4.921 7.253 541.29 13.189 256.56
115.00 2.559 5.297 7.856 609.16 13.953 294.33
120.00 2.793 5.673 8.466 680*79 14.696 335. 13

125.00 3.032 6.049 9.081 756.08 15.416 379.00
130.00 3.277 6.422 9.699 834.91 16.112 425.95
135.00 3.526 6.794 10.320 917.16 16.785 475.99
140.00 3.780 7.162 10.942 1002.7 17.436 529. 14
145.00 4.037 7.528 11.565 1091.5 18.066 585.41
150.00 4.299 7.889 12.188 1183.3 18.674 644. 79
155.00 4.563 8.246 12.810 1278.2 19.262 707.28
160.00 4.831 8.600 13.430 1375.9 19.830 772.88
165.00 5.101 8.948 14.049 1476.5 20.379 841.58
170.00 5.373 9.292 14.665 1579.7 20.907 913. 37

175.00 5.647 9.631 15.278 1685.5 21.418 988.23
180.00 5.923 9.966 15.889 1793.8 21.910 1066.1
185.00 6.201 10.295 16.496 1904.6 22.386 1147.1
190.00 6.479 10.619 17.099 2017.7 22.846 1231.1
195.00 6.759 10.939 17.698 2133.0 23.291 1318.1
200.00 7.040 11.253 18.293 2250.6 23.721 1408.

1

205.00 7.322 11.562 18.884 2370.2 24.136 1501.0
210.00 7.604 11.866 19.470 2491.9 24.537 1596.9
215.00 7.887 12.165 20.052 2615.5 24.925 1695.7
220.00 8.170 12.460 20.630 2741 .

1

25.299 1797.4
225.00 8.45 3 12.749 21.202 2868.5 25.661 1902.0
230.00 8.737 13.034 21.770 2997.7 26.012 2009.4
235.00 9.020 13.313 22.333 3128.6 26.352 2119.7
240.00 9.303 13.588 22.892 3261.2 26.683 2232.8
245.00 9.586 13.859 23.445 3395.4 27.005 2348.6
250.00 9.869 14.125 23.994 3531.2 27.319 2467.2
255.00 10.151 14.387 24.538 3668.6 27.626 2588.5
260.00 10.433 14.644 25.077 3807.5 27.926 2712.6
265.00 10.714 14.898 25.612 3947.9 28.221 2839.3
270.00 10.995 15. 147 26.142 4089.7 28.509 2968.7
273.15 11.172 15.302 26.474 4179.8 28.688 3051.6
275.00 1 1.275 15.393 26.668 4232.9 28.792 3100.7
280.00 11.555 15.634 27.189 4377.6 29.069 3235.4
285.00 11.834 15.872 27.706 4523.6 29.341 3372.6
290.00 12.112 16.107 28.219 4671.0 29.608 3512.4
295.00 12.389 16.338 28.727 4819.7 29.869 3654.8
298.15 12.563 16.482 29.045 4914.0 30.031 3745.8
300.00 12.666 16.566 29.231 4969.7 30.125 3799.7

H^ AND S^ APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-138

THERMODYNAMIC FUNCTIONS FOR SODIUM DITITANATE (NA TI 0 )

SOLID PHASE

GRAM MOLECULAR WT.= 221.7766 GRAMS •4-II
_J< 1840 JOULES

T DEG K = 273.15 + T DEG C

T -(G2-HC )/T (H°-H^ ) /T ( s -s^

)

(h°-hS c° -(G°-HC )

T 0 T 0 T 0 T 0 p T 0

rvrr y CAL _
* DEG MOLE

CAL CAL CAL CAL CAL
DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

0.00 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.001 0.003 0.004 0.014 0.011 0.00 5

10.00 0.007 0.022 0.029 0.219 0.087 0.073
15.00 0.025 0.073 0.098 1.101 0.291 0.368
20.00 0.058 0.170 0.228 3.401 0.655 1. 155
25.00 0.110 0.316 0.426 7.892 1.162 2.761
30.00 0.184 0.506 0.691 15.193 1.774 5.527
35.00 0.279 0.737 1.016 25.798 2.485 9.769
40.00 0.395 1.006 1.400 40.225 3.302 15.786
45.00 0.530 1.311 1.841 58.977 4.214 23.867
50.00 0.686 1.650 2.336 82.505 5.210 34.287
55.00 0.860 2.022 2.882 111.20 6.277 47.311
60.00 1.053 2.423 3.476 145.36 7.394 63.186
65.00 1.264 2.849 4.113 185.19 8.544 82. 140
70.00 1 .491 3.298 4.789 230.83 9.715 104.38
75.00 1.734 3.765 5.499 282.35 10.892 130.08
80.00 1.993 4.247 6.239 339.74 12.059 159.42
85.00 2.265 4.740 7.005 402.91 13.208 192.52
90.00 2.550 5.242 7.792 471.79 14.341 229.51
95.00 2.847 5.751 8.598 546.30 15.461 270.47
100.00 3.155 6.264 9.419 626.38 16.566 315.51
105.00 3.473 6.780 10.253 711.93 17.652 364.68
110.00 3.801 7.299 1 1.099 802.86 18.715 418.06
115.00 4.136 7.818 11.954 899.03 19.750 475.69
120.00 4.480 8.336 12.816 1000.3 20.756 537.61
125.00 4.831 8.852 13.683 1106.5 21.732 603.86
130.00 5.188 9.366 14.554 1217.6 22.678 674.45
135.00 5.551 9.876 15.427 1333.3 23.595 749.41
140.00 5.919 10.382 16.302 1453.5 24.484 828.73
145.00 6.293 10.883 17.176 1578.1 25.345 912.42
150.00 6.670 11.379 18.049 1706.9 26.180 1000.5
155.00 7.051 11.870 18.921 1839.8 26.989 1092.9
160.00 7.436 12.355 19.790 1976.7 27.772 1189.7
165.00 7.823 12.833 20.656 2117.5 28.529 1290.8
170.00 8.213 13.306 21.519 2262.0 29.259 1396.2
175.00 8.606 13.772 22.377 2410.1 29.963 1506.0
180.00 9.000 14.231 23.231 2561.6 30.642 1620.0
185.00 9.396 14.683 24.080 2716.4 31.296 1738.3
190.00 9.794 15.129 24.923 2874.5 31.927 1860.8
195.00 10.192 15.567 25.760 3035.7 32.534 1987.5
200.00 10.592 15.999 26.591 3199.8 33.119 2118.4
205.00 10.992 16.424 27.416 3366.8 33.684 2253.4
210.00 11.393 16.841 28.234 3536.6 34.229 2392.5
215.00 11.794 17.252 29.046 3709.1 34.757 2535.7
220.00 12.195 17.655 29.851 3884.2 35.268 2683.0
225.00 12.597 18.052 30.649 4061 .

7

35.763 2834.2
230.00 12.998 18.442 31.440 4241.8 36.245 2989.5
235.00 13.398 18.826 32.225 4424.2 36.715 3148.6
240.00 13.799 19.204 33.002 4608.9 37.172 3311.7
245.00 14.199 19.575 33.773 4795.9 37.618 3478.6
250.00 14.598 19.940 34.538 4985.1 38.053 3649.4
255.00 14.996 20.300 35.296 5176.4 38.478 3824.0
260.00 15.394 20.653 36.047 5369.8 38.891 4002.4
265.00 15.790 21.001 36.791 5565.3 39.294 4184.5
270.00 16.186 21.343 37.530 5762.7 39.686 4370.3
273.15 16.435 21.556 37.991 5888.1 39.927 4489.2
275.00 16.581 21.680 38.261 5962.1 40.067 4559.

7

280.00 16.975 22.012 38.987 6163.4 40.437 4752.9
285.00 17.367 22.338 39.706 6366.5 40.796 4949.6
290.00 17.758 22.660 40.418 6571.3 41.144 5149.9
295.00 18.148 22.976 41.124 6777.9 41.481 5353.8
298.15 18.393 23.173 41.566 6908.9 41.688 5484.0
300.00

C ....

18.537

_C ...

23.287 41.824 6986.1 41.808 5561.1

Hq AND Sq APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B- 139

THERMODYNAMIC FUNCTIONS FOR SODIUM TRITITANATF ( NA T I 0 )

SOLID PHASE 237
GRAM MOLECULAR WT.= 301.6754 GRAMS 1 CAL=4. 1840 JOULES

T DEG K = 273.15 + T DEG C

0 C 0 ,,C C
, 0 ,C

.

n _0 C

,

T -(G^-H )/T (H
t
-h

0
)/t (S

T
-S

0
) 'W C

P "‘W
nrr k

CAL CAL CAL CAL CAL CAL
Dtt> K DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

0.00 0.000 0 .000 0 . 000 0.000 0.000 0.000
5.00 0.00 2 0.006 0.007 0.028 0.022 0.009

10.00 0.015 0.044 0.059 0.444 0.177 0.148
15.00 0.050 0.147 0.196 2.200 0.568 0.745
20.00 0.115 0.325 0.440 6.503 1.182 2.290
25.00 0.212 0.569 0.782 14.236 1.928 5.306
30.00 0.341 0.865 1 .206 25.943 2.771 10.245
35.00 0.500 1.205 1 .705 42.188 3.753 17.492
40.00 0.686 1.594 2.279 63.745 4.895 27.422
45.00 0.898 2.030 2.928 91 .371 6.175 40.410
50.00 1.137 2.513 3.650 125.67 7.555 56.827
55.00 1.400 3.037 4.437 167.01 8.991 77.018
60.00 1.688 3.594 5.282 215.62 10.460 101.29
65.00 1.999 4.179 6.178 271.66 11.961 129. 92
70.00 2.331 4.790 7.120 335.28 13.486 163. 15

75.00 2,683 5.420 8.103 406.52 15.012 201.19
80.00 3.053 6.067 9.120 485.36 16.519 244.24
85.00 3.440 6.725 10.166 571.66 17.998 292.44
90.00 3.844 7.392 11.236 665.30 19.452 345.94
95.00 4.261 8.065 12.326 766. 15 20.884 404.83
100.00 4.692 8.741 13.433 874.11 22.295 469. 23
105.00 5.135 9.420 14.555 989.06 23.683 539. 19
110.00 5.589 10.099 15.688 1110.9 25.042 614.79
115.00 6.053 10.778 16.831 1239.4 26.369 696.09
120.00 6.526 11.454 17.980 1374.5 27.660 783.11
125.00 7.007 12.128 19.135 1516.0 28.912 875.90
130.00 7.496 12.797 20.293 1663.6 30.125 974.46
135.00 7.991 13.460 21.452 1817.1 3 1 . 2°9 1078.8
140.00 8.493 14.118 22.611 1976.5 32.438 1189.0
145.00 9.000 14.769 23.768 2141.5 33.542 1304.9
150.00 9.511 15.412 24.924 2311.9 34.614 1426.7
155.00 10.027 16.049 26.076 2487.6 35.654 1554.2
160.00 10.546 16.677 27.224 2668 • 4 36.663 1687.4
165.00 11.069 17.298 28.367 285^.1 37.640 1826.4
170.00 11 .595 17.910 29.505 3044 .

7

38.586 1971.1
175.00 12.122 18.514 30.636 3239.9 39.499 2121.4
180.00 12.652 19.109 31.761 343Q.6 40.380 2277.4
185.00 13.184 19.696 32.879 3643.7 41.229 2439.0
190.00 13.717 20.273 33.990 3851.9 42.047 2606.2
195.00 14.251 20.842 35.092 4064.1 42.835 2778.9
200.00 14.786 21.401 36.186 4280.2 43.594 2957.1
205.00 15.321 21.951 37.272 4500.0 44.327 3140.8
210.00 15.856 22.492 38.349 4723.4 45.035 3329.8
215.00 16.392 23.025 39.416 4950.3 45.721 3524.2
220.00 16.927 23.548 40.475 5180.6 46.387 3724.0
225.00 17.462 24.063 41 . 525 5414.2 47.034 3929.0
230.00 17.997 24.569 42.566 5650.9 47.665 4139.2
235.00 18.530 25.067 43. 597 5890.8 48.280 4354.6
240.00 19.063 25.557 44.620 6133.7 48.880 4575.2
245.00 19.595 26.039 45.634 6379.6 49.466 4800.8
250.00 20.126 26.513 46.639 6628.3 50.038 5031.5
255.00 20.656 26.980 47.636 6879.9 50.597 5267.2
260.00 21.184 27.439 48.623 7134.3 51.142 5507.8
265.00 21.711 27.892 49.603 7391.3 51.673 5753.4
270.00 22.236 28.337 50.573 7651.0 52.189 6003.8
273.15 22.567 28.614 51.181 7815.9 52.507 6164.

1

275.00 22.760 28.775 51.536 7913.2 52.691 6259.1
280.00 23.283 29.207 52.489 8177.9 53.179 6519.2
285.00 23.803 29.631 53.435 8444.9 53.652 6784.0
290.00 24.322 30.049 54.372 8714.3 54.111 7053.5
295.00 24.840 30.461 55.301 8986.0 54.557 7327.7
298.15 25.165 30.717 55.882 9158.3 54.830 7502.8
300.00 25.355 30.866 56.221 9259.9 54.988 7606.5

H
G

AND S
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TABLE B- 140

THERMODYNAMIC FUNCTIONS FOR CESIUM PERCHLORATE (CS CL 0 )

SOLID PHASE h

GRAM MOLECULAR WT . = 232.3556
T DEG K

GRAMS
= 273.15 + T DEG C

1 CAL = 4

.

1840 JOULES

T -(G°-HC )/T (H°-H C )/T (S -sc > (H°-H C
) C° -(G°-HC

)TO TO T 0 T 0 P T 0

* „ CAL CAL CAL CAL CAL CAL
DtG 14 pgg M0L j Dg6 MQLg DEG MOLE molE DEG MOLE MOLE

0.00 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.013 0.037 0.051 0.187 0.140 0.066

10.00 0.088 0.234 0.322 2.340 0.825 0.885
15.00 0.252 0.632 0.883 9.477 2.134 3.775
20.00 0.511 1.225 1.736 24.506 3.917 10.211
25.00 0.860 1.945 2.805 48.634 5.709 21.496
30.00 1.282 2.709 3.991 81.281 7.322 38.455
35.00 1.757 3.477 5.235 121.71 8.830 61.502
40.00 2.271 4.233 6.504 169.32 10.183 90.844
45.00 2.812 4.958 7.770 223.12 11.304 126. 54

50.00 3.370 5.641 9.011 282.04 12.234 168.50
55.00 3.938 6.277 10.215 345.22 13.017 216.58
60.00 4.510 6.867 11.377 412.02 13.684 270.58
65.00 5.081 7.414 12.495 481.90 14.252 330.28
70.00 5.649 7.920 13.570 554.40 14.734 395.46
75.00 6.212 8.388 14.601 629.12 15.147 465.90
80.00 6.767 8.822 15.590 705.79 15.515 541.39
85.00 7.315 9.226 16.541 784.24 15.859 621.74
90.00 7.853 9.604 17.457 864.36 16.187 706.75
95.00 8.382 9.959 18.340 946.08 16.500 796.25
100.00 8.901 10.293 19.194 1029.3 16.797 890. 10
105.00 9.411 10.610 20.021 1114.0 17.081 988. 15
110.00 9.912 10.910 20.822 1200.1 17.353 1090.3
115.00 10.403 11. 196 21.599 1287.5 17.614 1196.3
120.00 10.885 11.469 22.354 1376.2 17.865 1306.2
125.00 11.359 11.729 23.088 1466.2 18.110 1419.8
130.00 11.824 11.980 23.803 1557.3 18.355 1537. 1

135.00 12.280 12.220 24.501 1649.7 18.600 1657.8
140.00 12.729 12.452 25.181 1743.3 18.848 1782.0
145.00 13.170 12.677 25.847 1838.2 19.099 1909.6
150.00 13.603 12.896 26.499 1934.3 19.352 2040.5
155.00 14.030 13.108 27.138 2031.7 19.607 2174.6
160.00 14.449 13.315 27.764 2130.4 19.864 2311.9
165.00 14.862 13.517 28.379 2230.4 20.123 2452.2
170.00 15.268 13.716 28.984 2331.6 20.383 2595.6
175.00 15.669 13.910 29.579 2434.2 20.640 2742.0
180.00 16.063 14.100 30.164 2538.0 20.894 2891.4
185.00 16.452 14.287 30.740 2643.1 21.143 3043.7
190.00 16.836 14.471 31.307 2749.5 21.386 3198.8
195.00 17.214 14.651 31.865 2857.0 21.624 3356.7
200.00 17.587 14.828 32.416 2965.7 21.858 3517.4
205.00 17.955 15.003 32.958 3075.6 22.089 3680.9
210.00 18.319 15.174 33.493 3186.6 22.320 3847.0
215.00 18.678 15.343 34.021 3298.8 22.551 4015.8
220.00 19.033 15.510 34.542 3412.1 22.782 4187.2
225.00 19.383 15.674 35.057 3526.6 23.013 4361.2
230.00 19.729 15.836 35.565 3642.2 23.242 4537.7
235.00 20.072 15.996 36.067 3759.0 23.470 4716.8
240.00 20.410 16.154 36.564 3876.9 23.693 4898.4
245.00 20.745 16.310 37.055 3995.9 23.913 5082.5
250.00 21.076 16.464 37.540 4116.0 24.127 5268.9
255.00 21.403 16.616 38.020 4237.2 24.336 5457.8
260.00 21.727 16.767 38.494 4359.4 24.540 5649.

1

265.00 22.048 16.915 38.964 4482.6 24.739 5842.8
270.00 22.366 17.062 39.428 4606.8 24.932 6038.8
273.15 22.564 17.154 39.718 4685.5 25.051 6163.4
275.00 22.680 17.207 39.887 4731.9 25.120 6237. 1

280.00 22.992 17.350 40.341 4858.0 25.304 6437.6
285.00 23.300 17.491 40.791 4984.9 25.484 6640.5
290.00 23.605 17.630 41.236 5112.8 25.660 6845.5
295.00 23.908 17.768 41.676 5241.5 25.833 7052.8
298.15 24.097 17.854 41.951 5323.1 25.940 7184.5
300.00 24.208 17.904 42.111 5371.1 26.002 7262.3

Hq AND Sq APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B- 141

THERMODYNAMIC FUNCTIONS FOR CALCIUM
SOLID PHASE

HYDROXIDE (CA (OH ) )

2

GRAM MOLECULAR WT.= 74.09474 GRAMS 1 CAL=4. 1840 JOULES
T DEG K = 273.15 + T DEG C

T -(G°-H^)/T (H°-hS /T ,S
T-

S
o’

(H°-H C
)

T 0 'S
- ,Gr H

o’

ncr ir _£AL CAL CAL CAL CAL cal
Ut DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

0.00 0.000 0.000 0.000 0*000 0-000 0-000
5.00 0.000 0.001 0.001 0.004 0.003 0.001

10.00 0.002 0.007 0.009 0.066 0.026 0.022
15.00 0.007 0.022 0.030 0.335 0.089 0. 112
20.00 0.018 0.053 0.070 1.057 0.210 0.353
25.00 0.034 0.102 0.137 2.561 0* Ao4 0.859
30.00 0.059 0.174 0.233 5.221 0.672 1.771
35.00 0.093 0.269 0.362 9.418 1.015 3.244
40.00 0.136 0.385 0.521 15.401 1.383 5.439
45.00 0.189 0.518 0.706 23.294 1.782 8.497
50.00 0.251 0.667 0.918 33.331 2.241 12.546
55.00 0.322 0.832 1.154 45.777 2.742 17.716
60.00 0.402 1.013 1.415 60.788 3.265 24. 130
65.00 0.491 1.207 1.697 78.430 3.793 31.904
70.00 0.588 1.410 1.998 98.715 4.323 41.135
75.00 0.692 1.622 2.315 121.69 4.869 51.909
80.00 0.804 1.843 2.647 147.45 5.441 64.307
85.00 0.922 2.072 2.994 176.12 6.029 78.404
90.00 1.047 2.308 3.356 207.75 6.622 94.274
95.00 1.179 2.551 3.730 242.34 7.211 111.98
100.00 1.316 2.798 4.114 279.84 7.789 131.59
105.00 1.458 3.050 4.508 320.20 8.354 153.14
110.00 1.606 3.303 4.909 363.35 8.904 176.68
115.00 1.759 3.558 5.317 409.22 9.439 202.25
120.00 1.916 3.814 5.730 457.72 9.961 229.86
125.00 2.076 4.070 6.147 508.81 10.471 259. 55
130.00 2.241 4.326 6.567 562.41 10.968 291.34
135.00 2.409 4.581 6.990 618.46 11.451 325.23
140.00 2.580 4.835 7.415 676.90 11.919 361.24
145.00 2.754 5.087 7.841 737.63 12.371 399.38
150.00 2.931 5.337 8.268 800.58 12.807 439.66
155.00 3.110 5.585 8.695 865.67 13.227 482.07
160.00 3.291 5.830 9.121 932.83 13.632 526.61
165.00 3.474 6.073 9.547 1002.0 14.021 573.28
170.00 3.659 6.312 9.971 1073.0 14.395 622.07
175.00 3.846 6 . 548 10-394 1145.9 14.756 672.99
180.00 4.033 6.781 10.814 1220.5 15.103 726.01
185.00 4.222 7.010 11.233 1296.9 15.439 781. 12

190.00 4.412 7.236 1 1.649 1374.9 15.764 838.33
195.00 4.603 7.459 12.062 1454.5 16.079 897.61
200.00 4.795 7.679 12.473 1535.7 16.385 958.95
205.00 4.987 7.894 12.881 1618.4 16.682 1022.3
210.00 5.180 8.107 13.287 1702.5 16.970 1087.8
215.00 5.373 8.317 13.690 1788.1 17.250 1155.2
220.00 5.567 8.523 14.089 1875.0 17.522 1224.6
225.00 5.760 8.726 14.486 1963.3 17.785 1296. 1

230.00 5.954 8.925 14.880 2052.8 18.039 1369.5
235.00 6.148 9.122 15.270 2143.6 18.286 1444.9
240.00 6.343 9.315 15.658 2235.7 18.525 1522.2
245.00 6.537 9.506 16.042 2328.9 18.756 1601.5
250.00 6.730 9.693 16.423 2423.2 18.981 1682.6
255.00 6.924 9.877 16.801 2518.7 19.201 1765.7
260.00 7.118 10.059 17.176 2615.2 19.416 1850.6
265.00 7.311 10.237 17.548 2712.8 19.627 1937.4
270.00 7.504 10.413 17.917 2811.5 19.835 2026.1
273.15 7.626 10.522 18.148 2874.2 19.964 2082.9
275.00 7.697 10.586 18.283 2911.2 20.040 2116.6
280.00 7.889 10.757 1 8 .646 3011.9 20.242 2208.9
285.00 8.081 10.925 19.006 3113.6 20.443 2303.1
290.00 8.272 11.091 19.363 3216.3 20.640 2399.0
295.00 8.463 11.254 19.718 3320.0 20.836 2496.7
298.15 8.583 11.356 19.940 3385.8 20.957 2559. 1

300.00 8.654 11.416 20.069 3424.7 21.028 2596.2

H
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TABLE B-141 (CONT.)

thermodynamic FUNCTIONS FOR CALCIUM
SOLID PHASE

HYDROXIDE (CA (0 H ) )

2

gram molecular wt.= 74.09474 GRAMS
T DEG K = 273.15 + T DEG C

1 C AL = A * 1840 JOULES

T -IG°-H C )/T (H°-H C )/T (S -s c ) ( H°-H C
) C° - ( G°-HC )

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL cal
DEG K DEG

-
MOiIE DEG

_
RCCE DEG“ROCE MOCE DEG~ROCE ROUE

300.00 8.654 11.416 20.069 3424.7 21.028 2596.2
310.00 9.033 11.732 20.765 3636.8 21.400 2800.3
320.00 9.411 12.039 21.450 3852.6 21.751 3011.4
330.00 9.786 12.339 22.124 4071.7 22.076 3229.3
340.00 10.158 12.629 22.788 4294.0 22.371 3453.9
350.00 10.529 12.912 23.440 4519.1 22.635 3685.0
360.00 10.896 13.185 24.081 4746 • 6 22.867 3922.6
370.00 11.261 13.449 24.711 4976.3 23.071 4 166 • 6

373.15 11.375 13.531 24.906 5049.1 23.130 4244.7
380.00 11.623 13.705 25.328 5207.9 23.250 4416.8
390.00 11.982 13.952 25.934 5441 .2 23.409 4673.1
400.00 12.339 14.190 26.529 5676.1 23.554 4935.5
425.00 13.216 14.751 27.967 6269.0 23.875 5616.8
450.00 14.074 15.266 29.340 6869.6 24.175 6333.2
475.00 14.912 15.743 30.655 7477.7 24.471 7083.3
500.00 15.731 16.186 31.917 8093.1 24.756 7865.5
550.00 17.312 16.989 34.301 9343.9 25.259 9521.7
600.00 18.821 17.695 36.516 10617. 25.636 11293.
650.00 20.263 18.316 38.579 11905. 25.877 13171 .

700.00 21.641 18.860 40.501 13202. 25.976 15148.

H
0
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TABLE B- 142

THERMODYNAMIC FUNCTIONS FOR CALCIUM FLUORIDE ( CA F )

SOLID PHASE 2

GRAM MOLECULAR WT.= 78.0768 GRAMS 1 CAL=4.1840 JOULES
T DEG K = 273.15 + T DEG C

T -(G°-HC )/T (

H

G -H G ) /T < s -s G ) (H°-H C
) C° -(G°-H c

T 0 T 0 T 0 T 0 P T 0

„ CAL CAL CAL CAL CAL CAL
DEG K DEG~MOCE DEG“fi(5CE DEG~ROUE R<3CE DEG

_
ROEE R5lE

0.00 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.000 0.000 0.001 0.002 0.002 0. 001

10.00 0.001 0.004 0.005 0.040 0.016 0.013
15.00 0.004 0.013 0.018 0.201 0.054 0.067
20.00 0.011 0.032 0.042 0.636 0.127 0.212
25.00 0.021 0.062 0.083 1.550 0.247 0.517
30.00 0.036 0.107 0.142 3.196 0.420 1.071
35.00 0.056 0.167 0.224 5.848 0.650 1.976
40.00 0.084 0.245 0.328 9.784 0.933 3. 346
45.00 0.118 0.339 0.457 15.257 1.264 5.298
50.00 0.159 0.450 0.609 22.494 1.639 7.953
55.00 0.208 0.577 0.785 31.741 2.068 11.427
60.00 0.264 0.721 0.985 43.267 2.549 15.842
65.00 0.328 0.882 1.209 57.299 3.068 21.319
70.00 0.400 1.057 1.457 73.982 3.608 27.975
75.00 0.479 1.245 1.724 93.398 4.159 35.918
80.00 0.566 1.445 2.010 115.57 4.711 45.247
85.00 0.659 1.653 2.312 140.50 5.260 56.047
90.00 0.760 1.868 2.628 168.16 5.802 68.394
95.00 0.867 2.090 2.956 198.50 6.334 82.351
100.00 0.980 2.315 3.295 231.48 6.854 97.974
105.00 1.098 2.543 3.641 267.02 7.359 115.31
110.00 1.222 2.773 3.995 305.05 7.848 134.40
115.00 1.350 3.004 4.354 345.47 8.320 155. 27
120.00 1.483 3.235 4.718 388.21 8.772 177.95
125.00 1.620 3.465 5.085 433.16 9.205 202.45
130.00 1.760 3.694 5.454 480.23 9.617 228.80
135.00 1.904 3.921 5.824 529.30 10.009 257.00
140.00 2.050 4. 145 6.195 580.29 10.382 287.05
145.00 2.200 4.366 6.566 633.09 10*736 318.95
150.00 2.351 4.584 6.935 687.62 11.072 352.70
155.00 2.505 4.799 7.304 743.79 11.392 388.30
160.00 2.661 5.009 7.670 801.52 11.696 425.74
165.00 2.818 5.216 8.035 860.72 11.983 465.00
170.00 2.977 5.420 8.396 921.32 12.254 506.08
175.00 3.137 5.619 8.755 983.24 12.510 548.96
180.00 3.298 5.813 9.111 1046.4 12.752 593.63
185.00 3.460 6.004 9.464 1110.7 12.980 640.07
190.00 3.622 6.190 9.813 1176.2 13.196 688.26
195.00 3.786 6.373 10.158 1242.7 13.402 738. 19
200.00 3.949 6.551 10.500 1310.2 13.598 789. 84
205.00 4.113 6.725 10.838 1378.7 13.786 843. 19
210.00 4.277 6.895 11.173 1448.0 13.966 398.21
215.00 4.441 7.062 11.503 1518.3 14.139 954.91
220.00 4.606 7.225 11.830 1589.4 14.304 1013.2
225.00 4.770 7.384 12.153 1661.3 14.462 1073.2
230.00 4.934 7.539 12.473 1734.0 14.613 1134.8
235.00 5.098 7.691 12.789 1807.4 14.757 1197.9
240.00 5.261 7.840 13.101 1881.6 14.894 1262.7
245.00 5.424 7.985 13.409 1956.4 15.023 1328.9
250.00 5.587 8. 127 13.714 2031.8 15.146 1396.7
255.00 5.749 8.266 14.015 2107.8 15.261 1466. 1

260.00 5.911 8.402 14.313 2184.4 15.371 1536.9
265.00 6.072 8.5 34 14.606 2261.5 15.473 1609.2
270.00 6.233 8.663 14.897 2339.1 15.570 1682.9
273.15 6.334 8.743 15.077 2388.3 15.628 1730.2
275.00 6.393 8.790 15.183 2417.2 15.661 1758.1
280.00 6.553 8.913 15.466 2495.7 15.747 1834 .

8

285.00 6.712 9.034 15.745 2574.7 15.827 1912.8
290.00 6.870 9.152 16.021 2654.0 15.902 1992.2
295.00 7.027 9.267 16.294 2733.7 15.973 2073.0
298.15 7.126 9.338 16.464 2784.1 16.015 2124.6
300.00 7.184 9.379 16.563 2813.7 16.039 2155.1

Hq AND Sq APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-143

THERMODYNAMIC FUNCTIONS FOR STRONTIUM OXIDE (SR 0 )

SOLID PHASE

GRAM MOLECULAR WT.= 103.6194 GRAMS 1 CAL=4. 1840 JOULES
T DEG K = 273.15 + T DEG C

T -<G°-Hq)/T (H°-H
G

) /T (

s

T
~s

0
) (h

t
-h

o’
c° - ,Gr H

o’

DEG K
decTmole

CAL CAL CAL_ CAL CAL_
D5G MOL

5

DEG MOLE MOLE DEG MOLE MOLE

0.00 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.000 0.001 0.001 0.004 0.003 0.001

10.00 0.002 0.007 0.009 0.068 0.027 0.023
15.00 0.008 0.023 0.030 0.343 0.091 0.114
20.00 0.018 0.054 0.072 1.082 0.216 0.361
25.00 0.035 0.105 0.140 2.623 0.413 0.880
30.00 0.060 0.178 0.238 5.339 0.684 1.813
35.00 0.095 0.273 0.368 9.554 1.011 3.316
40.00 0.138 0.388 0.526 15.507 1.375 5.539
45.00 0.192 0.519 0.710 23.339 1.760 8.620
50.00 0.254 0.662 0.916 33.120 2.153 12.677
55.00 0.324 0.816 1.140 44.872 2.548 17.809
60.00 0.402 0.977 1.373 58.600 2.943 24.098
65.00 0 . 486 1.143 1.629 74.297 3.335 31. 612
70.00 0.577 1.313 1.891 91.932 3.718 40.408
75.00 0.674 1.486 2. 160 111.45 4.086 50.531
80.00 0.775 1.660 2.435 132.76 4.438 62.015
85.00 0.881 1.833 2.714 155.81 4.779 74.885
90.00 0.991 2.006 2.997 180.54 5.113 89.160
95.00 1.104 2.178 3.282 206.93 5.442 104 . 86

100.00 1.220 2.349 3.569 234.95 5.765 121.98
105.00 1.339 2.520 3.858 264.56 6.075 140.55
110.00 1.460 2.688 4.148 295.68 6.370 160.57
115.00 1.583 2.854 4,437 328 .23 6.647 182.03
120.00 1.708 3.018 4.725 362.1

1

6.906 204.93
125.00 1.834 3.178 5.012 397.26 7.149 229.28
130.00 1.962 3.3 35 5.297 433.58 7.377 255.05
135.00 2.091 3.489 5.580 471.01 7.593 282 . 25
140.00 2.220 3.639 5.860 509.49 7.798 310.35
145.00 2.351 3.786 6.137 548.97 7.991 340 . 84

150.00 2.481 3.929 6.411 589.39 8.174 372.21
155.00 2.613 4.06 6.681 630.69 8.345 404.94
160.00 2.744 4.205 6.949 672.82 8.506 439.02
165.00 2.875 4.338 7.213 715.73 8.656 474.42
170.00 3.007 4.467 7.474 759.36 8.797 511.14
175.00 3.138 4.592 7.730 803.68 8.931 549. 15
180.00 3.269 4.715 7.984 848.66 9.057 588 . 44
185.00 3.400 4.834 8.234 894.25 9.179 628.98
190.00 3.530 4.950 8.480 940.43 9.295 670.77
195.00 3.660 5.063 8.723 987.19 9.408 713.78
200.00 3.790 5.173 8.963 1034.5 9.517 757. 99
205.00 3.919 5.280 9.199 1082.4 9.621 803.40
210.00 4.048 5.384 9.432 1130.7 9.721 849.98
215.00 4.175 5.486 9.662 1179.6 9.815 897.71
220.00 4.303 5.586 9.888 1228.9 9.905 946. 59
225.00 4.429 5.683 10.112 1278.6 9.986 996. 59
230.00 4.555 5.777 10.332 1328.7 10.066 1047.7
235.00 4.680 5.869 10.550 1379.2 10.139 1099.9
240.00 4.805 4.959 10.764 1430.1 10.206 1153.2
245.00 4.929 6.046 10.975 1481.3 10.268 1207.5
250.00 5.052 6.131 11.183 1532.8 10.326 1262.9
255.00 5.174 6.214 1 1.388 1584.5 10.380 1319.4
260.00 5.295 6.294 I 1.590 1636.6 10.431 1376.8
265.00 5.416 6.373 1 1.789 1688.8 10.479 1435.3
270.00 5.536 6.449 1 1.985 1741.4 10.525 1494.7
273.15 5.611 6.497 12.108 1774.6 10.554 1532.6
275.00 5.655 6.524 12.179 1794.1 10.570 1555.1
280.00 5.773 6.597 12.370 1847.1 10.613 1616.5
285.00 5.891 6.667 12.558 1900.2 10.654 1678.8
290.00 6.007 6.737 12.744 1953.6 10.695 1742.1
295.00 6.123 6.804 12.927 2007.2 10.734 1806.2
298.15 6.195 6.848 13.043 2041.0 10.759 1847.

1

300.00 6.238 6.870 13.108 2060.9 10.773 1871.3

H
G AND S

G apply TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B— 144

THERMODYNAMIC FUNCTIONS FOR BARIUM FLUORIDE (BA F )

SOLID PHASE Z

GRAM MOLECULAR WT.= 175.3368 GRAMS 1 CAL=4. 1840 JOULES
T DEG K = 273.15 + T DEG C

0 C 0 C C 0 C 0 0 C
T -(G

t
-H

0
)/T (H

t
-H

q
)/T (St-Sq 1 (Ht-Hq’ C

P
-(G

t
- h

0
)

r> p v CAL CAL cal CAL cal
DEG K

DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

0.00 0.000 0.000 0.000 0.000 0.000 0*000
5.00 0.001 0.003 0.004 0.016 0*013 0.006

10.00 0.009 0.025 0.034 0.253 0.098 0.086
15.00 0.028 0.078 0.106 1.174 0.286 0.416
20.00 0.061 0.166 0.227 3.314 0.597 1.227
25.00 0.112 0.297 0.409 7.437 1.073 2.789
30.00 0.181 0.473 0.654 14.200 1.647 5.422
35.00 0.269 0.687 0.957 24.062 2.306 9.427
40.00 0.377 0.932 1.308 37.267 2.977 15.072
45.00 0.502 1.196 1.697 53.805 3.638 22.573
50.00 0.642 1.473 2.115 73.675 4.312 32.093
55.00 0.796 1.763 2.559 96.961 5.005 43.768
60.00 0.962 2.063 3.025 123.76 5.715 57.718
65.00 1.139 2.371 3.510 154.12 6.431 74. 047
70.00 1.326 2.686 4.013 188.04 7.132 92.849
75.00 1.523 3.005 4.528 225.38 7.795 114.20
80.00 1.727 3.324 5.051 265.91 8.411 138.14
85.00 1.938 3.640 5.578 309.42 8.985 164.71
90.00 2.155 3.952 6.107 355.70 9.525 193.92
95.00 2.377 4.259 6.636 404.62 10.038 225. 78

100.00 2.603 4.560 7.163 456.05 10.527 260.28
105.00 2.832 ^.856 7.688 509.85 10.992 297.41
110.00 3.065 5.145 8.210 565.92 11.430 337. 15
115.00 3.300 5.427 8.727 624.11 11.840 379.50
120.00 3.537 5.702 9.239 684.28 12.223 424.41
125.00 3.775 5.970 9.745 746.29 12.577 471.88
130.00 4.014 6.231 10.245 810.00 12.904 521.86
135.00 4.254 6.484 10.738 875.28 13.204 574. 32
140.00 4.494 6.729 11.223 942.01 13.481 629.22
145.00 4.735 6.966 11.701 1010.1 13.736 686. 53
150.00 4.975 7.196 12.170 1079.3 13.973 746. 22
155.00 5.214 7.418 12.632 1149.8 14.195 808.22
160.00 5.453 7.633 13.086 1221.3 14.403 872.52
165.00 5.691 7.841 13.532 1293.8 14.601 939.07
170.00 5.928 8.043 13.971 1367.3 14.790 1007.8
175.00 6.164 8.238 14.402 1441.7 14.969 1078.8
180.00 6.399 8.427 14.827 1516.9 15.140 1151.8
185.00 6.633 8.611 15.244 1593.0 15.302 1227.0
190.00 6.865 8.789 15.654 1669.9 15.454 1304.3
195.00 7.095 8.962 16.057 1747.6 15.598 1383.6
200.00 7.324 9.129 16.454 1825.9 15.732 1464.8
205.00 7.552 9.292 16.844 1904.9 15.856 1548. 1

210.00 7.777 9.450 17.227 1984.4 15.970 1633.3
215.00 8.002 9.603 17.604 2064.6 16.075 1720.3
220.00 8.224 9.751 17.975 2145.2 16.171 1809.3
225.00 8.445 9.894 18.339 2226.3 16.260 1900.1
230.00 8 . 664 10.034 18.698 2307.8 16.341 1992.7
235.00 8.881 10.169 19.050 2389.7 16.417 2087.0
240.00 9.096 10.300 19.396 2471.9 16.490 2183.2
245.00 9.310 10.427 10.737 2554.6 16.561 2281.0
250.00 9.522 10.550 20.072 2637.5 16.631 2380.5
255.00 9.732 10.670 20.402 2720.9 16.703 2481.7
260.00 9.941 10.787 20.727 2804.6 16.776 2584.5
265.00 10.147 10.901 21.048 2888.6 16.853 2689.0
270.00 10.352 11.011 21.363 2973.1 16.932 2795.0
273.15 10.480 11.080 21 . 560 3026.5 16.983 2862.6
275.00 10.555 11.120 21.675 3058.0 17.014 2902.6
280.00 10.756 11.226 21.982 3143.2 17.099 3011.7
285.00 10.956 11.330 22.286 3229.0 17.186 3122.4
290.00 11.154 11.431 22.585 3315.1 17.274 3234.6
295.00 11.350 11.531 22.881 3401.7 17.362 3348.3
298.15 11.473 11.593 23.066 3456.5 17.417 3420.6
300.00 11.545 11.629 23.174 3488.7 17.449 3463.4

Hp AND S
G APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-144 (CONT.)

THERMODYNAMIC FUNCTIONS FOR BARIUM FLUORIDE (BA F )

SOLID PHASE ^

GRAM MOLECULAR WT.= 175.3368 GRAMS 1 CAL=4. 1840 JOULES
T DEG K = 273.15 + T DEG C

T - ( Gy-H^ 1 /T
0 C

ih
t
-h

0 )/t is t -Fo>
(

h

t
-h

q
)

~ tGT'Ho’

DEG K
CAL CAL CAL CAL CAL CAL

DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

300.00 11.545 11.629 23.174 3488.7 17.449 3463.4
310.00 11.929 11.820 23.749 3664.1 17.620 3698.0
320.00 12.307 12.003 24.311 3841 .

1

17.783 3938.3
330.00 12.679 12.181 24.860 4019.7 17.934 4184.2
340.00 13.046 12.352 25.398 4199.7 18.074 4435.5
350.00 13.406 12.518 25.924 4381.1 18.204 4692. 1

360.00 13.761 12.677 26.438 4563.8 18.325 4953.9
370.00 14.110 12.831 26.942 4747.6 18.439 5220.8
373.15 14.219 12.879 27.098 4805.8 18.473 5305.9
380.00 14.455 12.980 27.435 4932.5 18.546 5492.7
390.00 14.794 13.124 27.918 5118.5 18.647 5769.5
400.00 15.128 13.264 28.391 5305.5 18.744 6051.

1

425.00 15.942 13. 593 29.535 5776.9 18.968 6775.2
450.00 16.727 13.897 30.624 6253.7 19.170 7527.3
475.00 17.486 14.179 31.666 6735.3 19.354 8306.1
500.00 18.221 14.443 32.663 7221.3 19.525 9110.3
550.00 19.620 14.919 34.539 8205.5 19.839 10791

.

600.00 20.936 15.341 36.278 9204.8 20.131 12562.
650.00 22.180 15.721 37.900 10218. 2 0 « A 14 14417.
700.00 23.357 16.066 39.423 11246. 20.694 16350.
750.00 24.477 16.384 40.861 12288. 20.977 1 8358 .

800.00 25.544 16.680 42.224 13344. 21.264 20435.
850.00 26.563 16.958 43.522 14414. 21.559 22579.
900.00 27.540 17.222 44.762 15500. 21.861 24786.
950.00 28.478 17.474 45.952 16601

.

22.170 27054.
1000.00 29.381 17.717 47.098 17717. 22.487 29381.
1050.00 30.251 17.952 48.203 18849. 22.812 31763.
1100.00 31 .091 18.180 49.272 19098. 23.144 34200.
1150.00 31.904 18.403 50.308 21164. 23.483 36690.
1200.00 32.692 18,622 51.314 22347. 23.829 39231

.

1250.00 33.457 18.837 52.294 23547. 24.180 41821

.

1300.00 34.200 19.050 53.250 24765. 24.538 44460

.

h
g AND S

G APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-145

thermodynamic functions for silicon isi )

SOLID AND LIQUID PHASES

GRAM MOLECULAR WT.= 28.086 GRAMS 1 CAL=4.1840 JOULES

T -(G°-H^ ) /T

T DEG K

(H°-H^ ) /T

= 273.15 + T

( s -s
c

)

DEG C

( H°-H C
) C° -(G°-H C

)

T 0 T 0 T n T 0 P T 0

DEG K
CAL CAL CAL CAL CAL CAL

DEGTROlE DEG molE DE5“R0EE ROlE DEJTROCE ROCE

0.00 0.000 0.000

SOLID PHASE

0.000 0.000 0.000 0.000
5.00 0.000 0.000 n.ooo 0.000 0.000 0.000

10.00 0.000 0.000 0.001 0.005 0.002 0 . 001
15.00 0.001 0.002 0.002 0.025 0.007 0.008
20.00 0.001 0.005 0.006 0.094 0.023 0.027
25.00 0.003 0.011 0.014 0.284 0.057 0.076
30.00 0.006 0.023 0.030 0.704 0.115 0.182
35.00 0.011 0.042 0.053 1.474 0.196 0.386
40.00 0.018 0.067 0.086 2.696 0.295 0.729
45.00 0.028 0.099 0.127 4.450 0.407 1.256
50.00 0.040 0.136 0.176 6.782 0.527 2.010
55.00 0.055 0.177 0.232 9.720 0.649 3.026
60.00 0.072 0.221 0.293 13.273 0.773 4.337
65.00 0.092 0.268 C. 360 17.446 0.396 5.969
70.00 0.114 0.318 0.431 22.234 1.018 7.946
75.00 0.137 0.368 0.506 27.629 1 .140 10.286
80.00 0.163 0.420 0.583 33.631 1.261 13.006
85.00 0.190 0.473 0.663 40.240 1.382 16. 120
90.00 0.218 0.527 0.745 47.453 1.503 19.640
95.00 0.248 0.582 0.830 55.264 1.622 23. 578
100.00 0.279 0.637 0.916 63.668 1 . 740 27.942
105.00 0.312 0.692 1.004 72.659 1.857 32.742
110.00 0.345 0.748 1 .093 82.235 1.974 37.983
115.00 0.380 0.803 1.183 92.394 2.090 43.673
120.00 0.415 0.859 1.275 103.13 2.205 49.816
125.00 0.451 0.916 1 . 367 114.44 2.319 56.420
130.00 0.488 0.972 1 .460 126.32 2.431 63.487
135.00 0.526 1.028 1.554 138.75 2.542 71.021
140.00 0.564 1.084 1 .648 151.73 2.650 79.026
145.00 0.603 1.140 1.743 165.24 2.756 87.504
150.00 0.643 1. 195 1.838 179.28 2.859 96.457
155.00 0.683 1.251 1.934 193.83 2.960 105.89
160.00 0.724 1.306 2.029 208.88 3.058 115.79
165.00 0.765 1 . 360 2.125 224.41 3.153 126. 18

170.00 0.806 1.414 2.220 240.40 3.245 137.04
175.00 0.848 1.468 2.316 256.85 3.333 148.38
180.00 0.890 1.521 2.411 273.73 3.419 160.20
185.00 0.932 1 .573 2.506 291.04 3.502 172.49
190.00 0.975 1.625 2.600 308.75 3.582 185.25
195.00 1.018 1.676 2.694 326.85 3.660 198.49
200.00 1.061 1 .727 2 . 788 345.34 3.735 212.19
205.00 1.104 1 .777 2.881 364.20 3.807 226. 36
210.00 1.148 1.826 2.973 383.41 3.877 241.00
215.00 1.191 1.874 3.065 402.96 3.945 256.10
220.00 1.235 1.922 3.157 422.85 4.010 271.65
225.00 1.279 1.969 3.248 443.06 4.073 287.66
230.00 1.322 2.016 3.338 463.58 4.134 304. 13

235.00 1.366 2.061 3.427 484.39 4. 193 321.04
240.00 1.410 2.106 3.516 505.50 4.250 338.40
245.00 1.454 2.151 3.604 526.89 4.305 356.20
250.00 1.498 2.194 3.692 548.55 4.358 374.44
255.00 1.542 2.237 3.779 570.47 4.410 393. 12
260.00 1.586 2.279 3.865 592.65 4.459 412.23
265.00 1,629 2.321 3.950 615.06 4.506 431. 77
270.00 1.673 2.362 4.035 637.71 4.552 451.73
273.15 1.701 2.387 4.088 652.09 4.580 464.53
275.00 '1.717 2.402 4.119 660.57 4.596 472.12
280.00 1.760 2.442 4.202 683.66 4.637 492.92
285.00 1.804 2.481 4.285 706.95 4.678 514. 14
290.00 1.847 2.519 4.366 730.43 4.717 535.76
295.00 1.891 2.556 4 . 447 754.11 4.754 557.80
298.15 1.918 2.580 4.498 769.12 4.777 571.89
300.00 1.934 2.593 4.527 777.97 4.790 580.23

H^ AND S
C APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-1A5 (CONT.)

THERMODYNAMIC FUNCTIONS FOR SILICON (SI )

SOLID AND LIQUID PHASES

GRAM MOLECULAR WT.= 28.086 GRAMS 1 CAL=A.18A0 JOULES
T DEG K = 273.15 + T DEG C

0 c 0 c c 0 c
. .0 .,c

T (GT-V /T (

H
j-Hq ) /T (S

T V <h
t'

h
o

> c
p

<g
t

h
o

CAL CAL CAL CAL CAL CAL
DEG K Beg mole DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

SOLID PHASE

300.00 1 . 93 A 2.593 A. 527 777.97 A. 790 580.23
310.00 2.020 2.665 A. 686 826.21 A. 858 626.30
320.00 2.106 2.735 A . 8 A

1

875.12 A. 922 673.93
330.00 2.191 2.802 A. 993 92 A . 6 5 A. 983 723.11
3 AO . 00 2.276 2.867 5.1A3 97A.77 5 . OA

1

773.79
350.00 2.360 2.930 5.290 1025.5 5.096 825.95
360.00 2.AA3 2.991 5 . A3A 1076.7 5 . 1 A8 879.58
370.00 2.526 3.050 5.576 1128.

A

5.198 93A.63
373.15 2.552 3.068 5.620 11AA.8 5.213 952.26
380.00 2.608 3.107 5.715 1180.6 5.2AA 991.08
390.00 2.690 3.162 5.852 1233.3 5.288 10A8.9
A00.00 2.770 3.216 5.986 1286.

A

5.329 1108.1
A 2 5 . 00 2.969 3.3A3 6.312 1A20.8 5.A22 1261.9
A 50 . 00 3. 16A 3. A61 6.62A 1557.

A

5.502 1 A23.6
A 75 . 00 3 . 3 5 A 3.570 6.92A 1695.8 5.572 1593.0
500.00 3.539 3.672 7.211 1835.9 5.63A 1769.7
550.00 3.898 3.855 7.753 2120.

A

5.7A1 21AA.0
600.00 A . 2 A

1

A. 016 8.257 2A09.7 5.831 25AA.

A

650.00 A. 568 A. 159 8.727 2703.3 5.909 2969.

1

700.00 A. 881 A. 286 9.167 3000.5 5.978 3 A 16 .

6

750.00 5.181 A.A01 9.582 3300.9 6.0AO 3885. A

800.00 5.A68 A . 505 9.973 360 A . A 6.098 A 3 7 A • A
850.00 5 . 7 A A A.6C1 10.3A5 3910.6 6.151 A88 2 .

A

900.00 6.009 A. 688 10.698 A219.4 6.202 5A08.5
950.00 6.265 A. 769 1

1

• 03A A530.7 6.250 5951.9
1000.00 6.512 A. BAA 11.356 A 8 A A . A 6.296 6511.7
1050.00 6.750 A. 915 1 1 .66A 5160.3 6.3A1 7087.3
1100.00 6.980 A. 980 1 1.960 5A78 .A 6. 38A 7677.9
1150.00 7.203 5 . 0 A 2 1 2 . 2 A 5 5798.7 6.A26 8283.1
1200.00 7 . A 1 9 5.101 12.519 6121.0 6.A68 8902.3
1 250.00 7.628 5.156 1 2 . 78

A

6 A A 5 .

5

6.508 953A.9
1300.00 7.831 5.209 1 3.0A0 6771.9 6.5A8 10181.
1 350.00 8.029 5.259 13.288 7100.3 6.588 10839.
1 A00.00 8.220 5.308 13.528 7A30.7 6.627 11508.
1A50.00 8 . AO

7

5 . 3 5 A 13.761 7763.0 6.665 12191.
1500.00 8.590 5.398 13.988 8097.2 6 . 70A 12885.
1550.00 8.767 5.AA1 1A.208 8A33.A 6.7A2 13589.
1600.00 8 . 9 A 1 5. AP2 1A.A23 8771 .A 6.779 1A305.
1650.00 9.110 5.522 1 A . 6 32 9111.3 6.817 15032.
1685.00 9.226 5 . 5 A9 1 A . 7 7 5 9350. A 6 • 8 A 3 155A6.

LIQUID PHASE

1685.00 9.226 12.730 21.956 21A50. 6.100 155A6.
1700.00 9.339 12.672 22.011 215A2. 6.100 15876.
1750.00 9.703 12. A8A 22.187 2 1 8 A 7 . 6. 100 16981 .

1800.00 10.053 12.307 22.359 22152. 6. 100 18095.
1850.00 10.387 12.139 22.526 2 2 A 5 7 , 6.100 19217.
1900.00 10.709 11.980 22.689 22762. 6.100 203A7.
1950.00 11.018 11.829 22.8A7 23067. 6.100 21A86.
2000.00 11.316 11.686 23.002 23372. 6.100 22632

.

Hp AND APPLY TO THE REFERENCE STATE OF THE SOLID AT ZEROi DEG K -
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TABLE B-146

THERMODYNAMIC FUNCTIONS FOR SILICON CARBIDE. HEXAGONAL (SI C )

SOLID PHASE

GRAM MOLECULAR WT.= AO. 09715 GRAMS 1 cal=a. 18A0 JOULES
T DEG K = 273.15 + T DEG C

T -(G°-HC )/T (H°-H G
I /T (S -s

c
) ( H°-H C

) C» - ( G°-H C
)

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL cal CAL
DEG K DEG MOLE

1

DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

0.00 0.000 0.000 0 . OOO 0.000 0.000 o • ooo
5.00 0.000 0.000 0.000 0 . 000 0.000 0.000

10.00 0.000 0.000 0 . non 0.002 O.OOl o«ooi
15.00 0.000 0.001 0.001 0.01 1 0.003 0.004
20.00 0.001 0.002 0.002 0-036 0.007 0.012
25.00 0.001 0*004 0.005 0.089 0.014 0.030
30.00 0.002 0.006 0.008 0.184 0.024 0.061
35.00 0.003 0.010 0.013 0.340 0.039 0.113
40.00 0.005 0.015 0.019 0.581 0.058 0.194
45.00 0.007 0.021 0.028 0.933 0.083 0.310
50.00 0.009 0.029 0.038 1.426 0.115 0.473
55.00 0.013 0.038 0.051 2.102 0.157 0.694
60.00 0.016 0.050 0.067 3.017 0.212 0.987
65.00 0.021 0.065 0.086 4.240 0.280 1 . 368
70.00 0.027 0.083 0.110 5.831 0.359 1.856
75.00 0.033 0.105 0.138 7.842 0.447 2.473
80.00 . 0.040 0.129 0.169 10.314 0.543 3.238
85.00 0.049 0.156 0-205 13.289 0.648 4.174
90.00 0.059 0. 187 0.246 16.803 0.759 5.300
95.00 0.070 0.220 0.290 20.893 0.877 6.636
100.00 0.082 0.256 0.338 25.587 1.001 8.204
105.00 0 . 0° 5 0.294 0.390 30.913 1.130 10.022
110.00 0.110 0.335 0.445 36.893 1.263 12.109
115.00 0.126 0.379 0.505 43.547 1 . 399 14. 482
120.00 0.143 0.424 0.567 50.892 1.539 17.160
125.00 0.161 0.472 0.633 58.941 1.681 20.159
130.00 0.181 0.521 0.702 67.706 1.825 23.493
135.00 0.201 0.572 0.773 77.195 1.971 27. 179
140.00 C. 223 0.624 0.847 87.416 2.118 31. 229
145.00 0.246 0.678 0.924 98.375 2 . 266 35.658
150.00 0.270 0.734 1.004 110.07 2.414 40.477
155.00 0.295 0.790 1 .085 122.52 2.563 45.698
160.00 0.321 0.848 1.169 135.71 2.713 51 . 333
165.00 0.348 0.907 1.255 149.64 2.862 57. 392
170.00 0.376 0.967 1 . 342 164.32 3.010 63.884
175.00 0.405 1.027 1 .432 179.74 3.158 70.819
180.00 0.434 1.088 1 .523 195.91 3.306 78.205
185.00 0.465 1.150 1.615 212.80 3.452 86.050
190.00 0.497 1.213 1 .709 230.42 3.597 94.361
195.00 0.529 1.276 1.805 248.77 3.742 103.15
200.00 0.562 1.339 1.901 267.84 3.885 112.41
205.00 0.596 1.403 1.999 287.62 4.027 122.16
210.00 0.630 1.467 2.098 308. 1 1 4. 168 132.40
215.00 0.666 1.532 2.197 329.30 4.308 143. 14

220.00 0.702 1.596 2.298 351.19 4.447 154. 38
225.00 C.738 1.661 2 . 399 373.76 4.584 166. 12
230.00 0.776 1 .726 2 . 502 397.02 4.719 178.37
235.00 0.813 1. 791 2.605 420.95 4.853 191.14
240.00 0.852 1.856 2.708 445 .55 4.985 204.42
245.00 0.891 1.922 2.812 470.80 5.115 218. 22
250.00 0.930 1.987 2.917 496.70 5.244 232.54
255.00 0.970 2.052 3.022 523.24 5.370 247.39
260.00 1.011 2.117 3.128 550.40 5.495 262.77
265.00 1.052 2.182 3.233 578.18 5.618 278.67
270.00 1.093 2.247 3.340 606 .58 5.739 295. 10
273.15 1.119 2.287 3.407 624.77 5.814 305.73
275.00 1.135 2.311 3 • 446 635.57 5.858 312.06
280.00 1.177 2.376 3.553 665.15 5.975 329.56
285.00 1.220 2.440 3.659 695.32 6.091 347.59
290.00 1.263 2.504 3.766 726.06 6.204 366. 15
295.00 1.306 2.567 3.873 757.36 6.316 385.25
298.15 1.333 2.607 3.941 777.36 6.385 397. 56
300.00 1.350 2.631 3.980 789.21 6.426 404.89

C C
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TABLE B-146 (CONT.)

THERMODYNAMIC FUNCTIONS FOR SILICON CARBIDE, HEXAGONAL (SI C )

SOLID PHASE

GRAM MOLECULAR WT.= 40.09715 GRAMS
T DEG K = 273.15 + T DEG C

1 CAL=4. 1840 JOULES

T ,G?-H
o
,/T (hJ-H^./T (S

t-
5
o’

,Hr H
o

> x-s
DEG K

CAL CAL CAL CAL CAL CAL
DEG MOLE DEG~MOLE DEG MOLE MOLE DEG MOLE MOLE

300.00 1.350 2.631 3.980 789.21 6.426 404.89
310.00 1.438 2.757 4.195 854.54 6.639 445.76
320.00 1.527 2.831 4.409 921.96 6.844 488.78
330.00 1.618 3.004 4.622 991.39 7.041 533.93
340.00 1.709 3.126 4.835 1062.8 7.230 581.22
350.00 1.802 3.246 5.047 1136.0 7.410 630.63
360.00 1.895 3.364 5.259 1210.9 7.583 682. 16

370.00 1.989 3.480 5.469 1287.6 7.748 735.80
373.15 2.018 3.516 5.535 1312.1 7.798 753.13
380.00 2.083 3.5 94 5.677 1365.9 7.906 791.53
390.00 2.178 3.707 5.885 1445.7 8.057 849.34
400.00 2.273 3.817 6.090 1527.0 8.201 909.22
425.00 2.513 4.085 6.598 1736.3 8.537 1067.8
450.00 2.753 4.341 7.095 1953.5 8.839 1239.0
475.00 2.995 4.585 7.580 2178.0 9.112 1422.5
500.00 3.236 4.818 8.054 2408.9 9.358 1617.9
550.00 3.716 5.251 8.966 2887.8 9.783 2043.6
600.00 4. 190 5.643 9.833 3386.0 10.134 2513.8
650.00 4.656 6.000 10.656 3900.2 10.427 3026.2
700.00 5.112 6.326 1 1.438 4427.9 10.673 3578.7
750.00 5.559 6.623 12.182 4966.9 10.882 4169.3
800.00 5.995 6.895 12.890 5515.6 11.062 4796.3
850.00 6.421 7.144 13.565 6072.7 11.217 5457.8
900.00 6.836 7.374 14.210 6637.0 11.352 6152.3
950.00 7.240 7.587 14.827 7207.7 11.473 6878.3
1000.00 7.635 7.784 15.419 7784.0 11.581 7 634 » 6

1050.00 8.019 7.967 15.986 8365.6 11.679 8419.8
1100.00 8,393 8.138 16.531 8951.8 11.770 9232.8
1150.00 8.759 8.298 17.057 9542.5 11.856 1 0073.
1200.00 9.115 8.448 17.563 10137. 11.938 10938.
1250.00 9.463 8.589 18.052 10736. 12.017 11829.
1300.00 9.802 8.722 18.525 11339. 12.095 12743.
1350.00 10.134 8.849 18.983 11946. 12.172 13681 .

1400.00 10.458 8.969 19.427 12556. 12.248 14641.
1450.00 10.775 9.083 19.858 13170. 12.327 15624.
1500.00 11.085 9.192 20.277 13789. 12.406 16627.
1550.00 11.388 9.297 20.686 14411. 12.489 17652.
1 600.00 11.685 9.399 21.083 15038 . 12.573 18696.
1650.00 11.976 9.496 21.472 15668. 12.661 19760.
1700.00 12.260 9.590 21.851 16304. 12.753 20843.
1 750.00 12.540 9.682 22.222 16944. 12.849 21945.
1800.00 12.814 9.772 22.585 17589. 12.949 23065.
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TABLE B— 147

thermodynamic FUNCTIONS FOR SILICON
SOLID PHASE

CARBIDE

.

CUBIC (SI C )

GRAM MOLECULAR WT.= 40.09715 GRAMS
T DEG K = 273.15 + T DEG C

1 CAL=4. 1840 JOULES

T -(G°~hS/T (H°-H^ ) /T ( s -sS (

H

n -H C
) C° (G°-hS

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K DEG~MOCE DEG~ROCE DEG'MOEE ROCE DEG~MOCE MDEE

0.00 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.000 0.000 0*000 0.000 0.000 0.000

10.00 0.000 0.000 0.000 0.002 o.ooi o.ooi
15.00 0.000 0.001 0.001 0.012 0.003 0.004
20.00 0.001 0.002 0.003 0.039 0.008 0.013
25.00 0.001 0 . 00 A 0.005 0.096 0.015 0.032
30.00 0.002 0.007 0.009 0.199 0.027 0.066
35.00 n . 004 0.011 0.014 0.369 0.042 0.123
40.00 0.005 0.0 16 0.021 0.629 0.063 0.210
45.00 0.007 0.022 0.030 1.007 0.089 0.336
50.00 0.010 0.031 0.041 1.532 0.122 0.512
55.00 0.014 0.041 0.054 2.242 0.164 0.749
60.00 0.018 0.053 0.071 3.192 0.219 1 . 0&0
65.00 0.023 0.069 0.091 4.453 0.288 1 . 464
70.00 0.028 0.087 0.115 6.091 0.369 1.978
75.00 0.035 0.109 0.144 8.157 0.459 2.623
80.00 0.043 0 . 134 0.176 10.694 0.557 3.422
85.00 0.052 0.162 0.213 13.740 0.663 4 . 395
90.00 0.062 0.193 0.254 17.331 0.775 5.562
95.00 0.073 0.226 0.299 21.498 0.893 6.945

100.00 0.086 0.263 0.348 26.270 1.017 8.563
105.00 0.099 0.302 0.401 31.672 1 . 145 10.435
110.00 0.114 0.343 0.457 37.729 1.278 12.579
115.00 0.131 0.387 0.517 44 • 462 1.415 15.014
120.00 0.148 0.432 0.580 51.887 1.555 17.756
125.00 0.167 0.480 0.647 60.016 1.697 20.823
130.00 0.186 0.530 0.716 68.857 1 .840 24.228
135.00 0.207 0.581 0.788 78.417 1.984 27.988
140.00 0.229 0.634 0.863 88.702 2.130 32 . 115
145.00 0.253 0.688 0.940 99.717 2.276 36.622
150.00 0.277 0.743 1.020 111.47 2.424 41.521
155.00 0.302 0.800 1.102 123.96 2.572 46. 825
160.00 0.328 0.857 1.186 137.19 2.721 52. 543
165.00 0.356 0.916 1 .272 151.16 2.870 58.686
170.00 0.384 0.976 1.360 165.89 3.019 65.264
175.00 0.413 1.036 1 .449 181.35 3.167 72.286
180.00 0.443 1.098 1.541 197.55 3.314 79.761
185.00 0.474 1.159 1.633 214.49 3.461 87.695
190.00 0.506 1.222 1.728 232.16 3.607 96.097
195.00 0.538 1.285 1.823 250.56 3.752 104.97
200.00 0.572 1.348 1 .920 269.68 3.896 114.33
205.00 0.606 1.412 2.018 289.52 4.039 124.18
210.00 0.641 1.477 2.117 310.07 4.181 134.51
215.00 0.676 1.541 2.217 331.33 4.322 145.35
220.00 0.712 1 . 606 2.318 353.29 4.462 156.69
225.00 0.749 1.671 2.^20 375.95 4.600 168. 53
230.00 0.786 1.736 2.523 399.29 4.737 180.89
235.00 0.825 1.801 2.626 423.32 4.873 193.76
240.00 0.863 1.867 2.730 448.02 5.007 207. 15
245.00 0.902 1.932 2.834 473.38 5.139 221.06
250.00 0.942 1.998 2 . 940 499.40 5.269 235.49
255.00 0 . ° 8 2 2.063 3.045 526.06 5.397 250.45
260.00 1.023 2.128 3.151 553.37 5.523 265.94
265.00 1.064 2.194 3.258 581.30 5 . 648 281.97
270.00 1.106 2.259 3.364 609.84 5.770 298. 52
273 . 15 1.132 2.300 3.432 628.14 5 . 846 309.22
275.00 1.148 2.324 3.471 638.99 5.890 315.61
280.00 1.190 2.388 3.578 668.74 6.008 333.23
285.00 1.233 2.453 3.686 699.07 6.124 351.39
290.00 1.276 2.517 3.793 729.98 6.238 370.09
295.00 1.320 2.581 3.901 761.45 6.350 389. 33
298.15 1 . 347 2.621 3.969 781.56 6.419 401.72
300.00 1.364 2.645 4.009 793.48 6.460 409 . 10
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TABLE B-147 (CONT.)

THERMODYNAMIC

GRAM MOLECULAR WT.=

FUNCTIONS FOR SILICON
SOLID PHASE

AO. 09715 GRAMS
T DEG K = 273.15 + T

CARBIDE .

DEG C

CUBIC (SI

1 CAL=4.

C )

1840 JOULES

0 C 0 C C 0 C n ^0 ,
C

T -(G
t
-H

q
)/T (H

T
-H

0
) /T ( s

T-V 0
X1X C

P
-(G

t
-h

o

DFG K —CAL CAL C A1 CAL- CAI cal_
DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

300.00 1.364 2.645 4.009 793.48 6.460 409.10
310.00 1.452 2.771 4.224 859.15 6.673 450.26
320.00 1.542 2.897 4.439 926.90 6.877 493. 58

330.00 1.633 3.020 4.654 996.65 7.072 539.04
340.00 1.725 3.142 4.868 1068.3 7.259 586. 65
350.00 1.818 3.262 5.081 1141.8 7.438 636.39
360.00 1.912 3.381 5.293 1217.0 7.609 688. 26
370.00 2.006 3.497 5.503 1294.0 7.772 742. 24
373.15 2.036 3.533 5.569 1318.5 7.822 759.68
380.00 2.101 3.612 5.713 1372.5 7.928 798. 32
390.00 2.196 3.724 5.920 1452.5 8.078 856.48
400.00 2.292 3.835 6.127 1534.0 8.221 916.72
425.00 2.532 4.103 6.635 1743.7 8.552 1076.3
450.00 2.774 4.359 7.133 1961.3 8.850 1248.4
475.00 3.016 4.602 7.619 2186.0 9.118 1432.8
500.00 3.258 4.8 34 8.093 2417.0 9.360 1629.2
550.00 3.740 5.265 9.005 2895.8 9.776 2056.9
600.00 4.215 5.656 9.871 3393.4 10.117 2528.9
650.00 4.682 6.010 10.692 3906.6 10.401 3043.2
700.00 5.139 6.333 1 1.472 4432.8 10.639 3597.4
750.00 5.586 6.627 12.213 4969.9 10.841 4189.7
800.00 6.023 6.895 12.918 5516.4 11.014 4818.1
850.00 6.448 7.142 13.590 6070.9 11.163 5480.9
900.00 6.863 7.369 14.232 6632.4 11.295 6176.6
950.00 7.267 7.579 14.846 7200.1 11.411 6903.7

1 000.00 7.661 7.773 15.434 7773.4 11.517 7660.8
1050.00 8.045 7.954 1 5.998 8351.7 11.614 8446.7
1100.00 8.418 8.122 16.541 8934.7 11.705 9260.3
1150.00 8.783 8.280 17.063 9522.1 11.791 10100.
1200.00 9.139 8.428 17.567 10114. 11.875 10966.
1250.00 9.485 8.568 18.053 10710. 11.958 11857.
1300.00 9.824 8.700 18.524 11310. 12.040 12771.
1350.00 10.155 8.825 18.980 11914. 12.123 13709.
1 ^00.00 10.478 8.944 19.422 12522. 12.205 14669.
1450.00 10.794 9.058 19.852 13134. 12.291 15651

.

1500.00 11.103 9.167 20.270 13751 . 12.380 16654.
1550.00 11.405 9.273 20.677 14372

.

12.472 17678.
1600.00 11.701 9.374 21.075 14998. 12.568 18721.
1650.00 11.991 9.472 21.463 15629. 12.668 19785.
1700.00 12.275 9.568 21.843 16265. 12.774 20868.
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TABLE B— 148

THERMODYNAMIC FUNCTIONS FOR GERMANIUM ( GE )

GRAM MOLECULAR WT.=

SOLID AND LIQUID

72.59 GRAMS

PHASES

1 CAL=4. 1840 JOULES

T -(G°-HC ) /T

T DEG K

<H°-HC ) /T

= 273.15 +

(S -s c )

T DEG C

(H°-H C
) C° - (G°-H C

)

T 0 T 0 T 0 T 0 P T 0

DEG K
CAL CAL CAL CAL CAL CAL

BEG'HOCE BEG
_
MOCE OEG

_
HOCE MOCE DEG~MOEE MOCE

0.00 0.000 0.000

SOLID PHASE

0.000 0.000 0.000 0.000
5.00 0.000 0.000 0.000 0.001 0.001 0.000

10.00 0.001 0.003 0.004 0.029 0.014 0.009
15.00 0.004 0.015 0.019 0.225 0.077 0.057
20.00 0.012 0.046 0.058 0.928 0.217 0.238
25.00 0.028 0.100 0.127 2.489 0.414 0.690
30.00 0.052 0.170 0.222 5.098 0.632 1.553
35.00 0.084 0.252 0.336 8.812 0.853 2.939
40.00 0.123 0.340 0.464 13.616 1.067 4.932
45.00 0.169 0.433 0.601 19.470 1.274 7.591
50.00 0.219 0.527 0.746 26.352 1.479 10.958
55.00 0.274 0.623 0.897 34.248 1.679 15.062
60.00 0.332 0.719 1.051 43 . 146 1.880 19.930
65.00 0.394 0.816 1.210 53.042 2.078 25.581
70.00 0.458 0.913 1.371 63.908 2.268 32.031
75.00 0.524 1.010 1.533 75.719 2.456 39. 290
80.00 0.592 1.106 1.698 88.465 2.642 47. 368
85.00 0.662 1.202 1.864 102.13 2.823 56.271
90.00 0.733 1.296 2.030 116.68 2.993 66.004
95.00 0.806 1.390 2.196 132.04 3.152 76.569
100.00 0.880 1.482 2.361 148.18 3.302 87.963
105.00 0.954 1.572 2.526 165.06 3.446 100.18
110.00 1.029 1.660 2.690 182.63 3.584 113.22
115.00 1.105 1.747 2.852 200.88 3.715 127.08
120.00 1.181 1.831 3.013 219.77 3.838 141.74
125.00 1.258 1.914 3.172 239.25 3.953 157.20
130.00 1.334 1.995 3.329 259.29 4.062 173.45
135.00 1.411 2.073 3.484 279.86 4.165 190.48
140.00 1.488 2.149 3.637 300.93 4.261 208.29
145.00 1.564 2.224 3.788 322.46 4.351 226. 85
150.00 1.641 2.296 3.937 344.43 4.435 246. 17

155.00 1.718 2.366 4.084 366.80 4.514 266. 22
160.00 1.794 2.435 4.229 389.56 4.587 287.00
165.00 1.870 2.501 4.371 412.67 4.656 308.50
170.00 1.945 2.565 4.511 436. 1

1

4.720 330.71
175.00 2.021 2.628 4.648 459.86 4.780 353.61
180.00 2.095 2.688 4.784 483.90 4.836 377. 19

185.00 2.170 2.747 4.917 508.22 4.890 401.44
190.00 2.244 2.804 5.048 532.79 4.940 426. 35
195.00 2.318 2.860 5.177 557.61 4.988 451.92
200.00 2.391 2.913 5.304 582.67 5.033 478. 12
205.00 2.463 2.966 5.429 607.94 5.076 504.95
210.00 2.535 3.016 5.552 633.42 5.116 532.40
215.00 2.607 3.066 5.672 659.10 5.155 560 .47
220.00 2.678 3.113 5.791 684.96 5.191 589. 13
225.00 2.748 3. 160 5.908 711.01 5.226 618.38
230.00 2.818 3.205 6.024 737.22 5.259 648.21
235.00 2.888 3.249 6.137 763.59 5.290 678.61
240.00 2.957 3.292 6.249 790.11 5.319 709.57
245.00 3.025 3.334 6.359 816.78 5.347 741.09
250.00 3.093 3.374 6.467 843.57 5.373 773. 16
255.00 3.160 3.414 6.574 870.50 5.397 805.76
260.00 3.226 3.452 6.679 897.54 5.421 838.89
265.00 3.293 3.489 6.782 924.70 5.443 872.54
270.00 3.358 3.526 6.884 951.98 5.466 906.71
273.15 3.399 3.548 6.947 969.22 5.480 928.49
275.00 3.423 3.561 6.985 979.36 5.488 941 . 38
280.00 3.488 3.596 7.084 1006.9 5.510 976.55
285.00 3.552 3.630 7.181 1034.5 5.533 1012.2
290.00 3.615 3.663 7.278 1062.2 5.556 1048.4
295.00 3.678 3.695 7.373 1090.0 5.579 1085.0
298.15 3.717 3.715 7.432 1107.6 5 . 594 1108.3
300.00 3.740 3.727 7.467 1118.0 5.602 1122.1
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TABLE B-148 (CONT.)

thermodynamic functions for germanium ige >

SOLID and liquid PHASES

GRAM MOLECULAR WT.= 72.59 GRAMS 1 CAL=4. 1840 JOULES
T DEG K = 273.15 + T DEG C

T -( G°-HC
I /T (H°-H C ) /T (S -sc ) (H°-HC

) C° -<G°-HC )

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K DEG*W5lE BE5 MOLE dEcTROlE MOLE DE5“H0CE MOLE

solid phase

300.00 3.740 3.727 7.467 1118.0 5.602 1122.1
310.00 3.863 3.788 7.651 1174.2 5.649 1197.7
320.00 3.985 3.847 7.831 1230.9 5.693 1275.1
330.00 4. 104 3.903 8.007 1288.1 5.735 1354.

3

340.00 4.221 3.958 8.179 1345.6 5.774 1435.2
350.00 4.337 4.010 8.347 1403.6 5.810 1517.9
360.00 4.450 4.061 8.511 1461.8 5.843 1602.2
370.00 4.562 4.109 8.672 1520.4 5.875 1688.1
373.15 4.597 4.124 8.721 1538.9 5.884 1715.5
380.00 4.673 4.156 8.829 1579.3 5.904 1775.6
390.00 4.781 4.201 8.982 1638.5 5.932 1864.6
400.00 4.888 4.245 9.133 1697.9 5.958 1955.2
425.00 5.149 4.347 9.496 1847.7 6.018 2188.1
450.00 5.400 4.442 9.841 1998.8 6.072 2429.9
475.00 5.642 4.529 10.171 2151.2 6.121 2680.

1

500.00 5.877 4.610 10.486 2304.8 6.166 2938.3
550.00 6.323 4.755 11.078 2615.2 6.246 3477.6
600.00 6.742 4.882 11.624 2929.3 6.316 4045.3
650.00 7.138 4.995 12.132 3246.7 6.380 4639.4
700.00 7.511 5.096 12.608 3567.2 6.440 5258.0
750.00 7.866 5.188 13.054 3890.6 6.495 5899.7
800.00 8.204 5.271 13.475 4216.7 6.548 6563.0
850.00 8.526 5.348 13.873 4545.4 6.600 7246.8
900.00 8.833 5.419 14.252 4876.7 6.649 7950.0
950.00 9.128 5.485 14.613 5210.3 6.697 8671.6

1000.00 9.411 5.546 14.957 5546.3 6.744 9410.9
1050.00 9.683 5.604 15.287 5884.7 6.790 10167.
1100.00 9.945 5.659 15.604 6225.3 6.836 10939.
1150.00 10.197 5.711 15.909 6568.2 6.881 11727.
1200.00 10.442 5.761 16.203 6913.4 6.925 12530.
1210.40 10.491 5.771 16.262 6985.4 6.934 12699.

LIQUID PHASE

1210.40 10.491 12.050 22.541 14585. 7.000 12699.
1250.00 10.877 11.890 22.767 14863. 7.000 13596.
1300.00 11.339 11.702 23.041 15213. 7.000 14741

.

1350.00 11.778 11.528 23.305 15563. 7.000 15900.
1400.00 12.194 11.366 23.560 15913. 7.000 17071.
1450.00 12.590 11.216 23.806 16263. 7.000 18256.
1500.00 12.968 11.075 24.043 16613. 7.000 19452.
1550.00 13.329 10.944 24.272 16963. 7.000 20660.
1600.00 13.674 10.820 24.495 17313. 7.000 21879.
1650.00 14.005 10.705 24.710 17663. 7.000 23109.
1700.00 14.323 10.596 24.919 18013. 7.000 24350.
1750.00 14.629 10.493 25.122 18363. 7.000 25601

.

1800.00 14.923 10.396 25.319 18713. 7.000 26862.
1850.00 15.207 10.304 25.511 19063. 7.000 28133.
1900.00 15.480 10.217 25.698 19413. 7.000 29413.
1950.00 15.745 10.135 25.879 19763. 7.000 30702.
2000.00 16.000 10.056 26.057 20113. 7.000 32001.
2050.00 16.248 9.982 26.230 20463. 7.000 33308.
2100.00 16.487 9.911 26.398 20813. 7.000 34624.
2150.00 16.720 9.843 26.563 21163. 7.000 35948.
2200.00 16.945 9.778 26.724 21513. 7.000 37280.
2250.00 17.164 9.717 26.881 21863. 7.000 38620.
2300.00 17.377 9.658 27.035 22213. 7.000 39968.
2350.00 17.584 9.601 27.186 22563. 7.000 41324.
2400.00 17.786 9.547 27.333 22913. 7.000 42686.
2450.00 17.982 9.495 27.477 23263. 7.000 44057.
2500.00 18.174 9.445 27.619 23613. 7.000 45434

•

2550.00 18.360 9.397 27.757 23963. 7.000 46819.
2600.00 18.542 9.351 27.893 24313. 7.000 48210.
2650.00 18.720 9.307 28.027 24663. 7.000 49608

.

2700.00 18.894 9.264 28.157 25013. 7.000 51012.
2750.00 19.063 9.223 28.286 25363. 7.000 52424.
2800.00 19.229 9.183 28.412 25713. 7.000 53841 .

2850.00 19.39] 9.145 28.536 26063. 7.000 55265.
2900.00 19.550 9.108 28.658 26413. 7.000 56695.
2950.00 19.705 9.072 28.777 26763. 7.000 58130.
3000.00 19.857 9.038 28.895 27113. 7.000 59572.

H
o

AND s
o

apply T0 ™ E REFERENCE state of the solid at zero deg k
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TABLE B-149

THERMODYNAMIC FUNCTIONS FOR LEAD ORTHOPHOSPHATE (PB (P 0 ) )

SOLID PHASE 3 42

GRAM MOLECULAR WT.= 811.5128
T DEG K

GRAMS
= 273.15 + T DEG C

1 CAL=4. 1840 JOULES

T -( G°-HC )

n

(H°-H C
) /T (S -s c ) (H°-HC ) C° - (G°-H C

)

T 0 T 0 T 0 T 0 P T 0

DEG K
CAL CAL CAL CAL CAL CAL

DEG
_
WOCE DEG~MOCE DEG”MOCE MOCE DEG“MOCE MOCE

0.00 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.022 0.061 0.083 0.305 0.227 0.109

10.00 0.143 0.375 0.518 3 . 749 1.307 1.433

15.00 0.401 0.977 1.378 14.659 3.142 6 . 008
20.00 0.789 1 .788 2.576 35.753 5.350 15.773
25.00 1.288 2.750 4.038 68.752 7.901 32.208
30.00 1.884 3.835 5.719 115.04 10.614 56. 522
35.00 2.562 4.999 7.560 174.95 13.337 89.663
40.00 3.308 6.20 2 9.510 248 .10 15.883 132.31
45.00 4.108 7.406 11.514 333.27 18.141 184.85
50.00 4.949 8.581 13.530 429.03 20.125 247.46
55.00 5.821 9.713 15.534 534.23 21.935 320. 13
60.00 6.713 10.805 17.516 648 . 29 23.675 402.77
65.00 7.620 11.860 19.480 770.88 25.348 495. 27

70.00 8.536 12.880 21.416 901.60 26.923 597. 52
75.00 9.459 13.866 23.325 1039.9 28.399 709. 39
80.00 10.384 14.818 25.203 1185.5 29.797 830.72
85.00 11.310 15.739 27.049 1337.8 31.131 961.36
90.00 12.235 16.630 28.865 1496.7 32.402 1101.2
95.00 13.157 17.492 30.650 1661.7 33.611 1250.0
100.00 14.076 18.327 32.403 1832.7 34.760 1407.6
105.00 14.990 19.136 34.126 2009.2 35.856 1573.9
110.00 15.898 19.920 35.818 2191.2 36.907 1748.8
115.00 16.801 20.680 37.481 2378.2 37.921 1932.

1

120.00 17.696 21.419 39.116 2570.3 38.904 2123.6
125.00 18.585 22.138 40.724 2767.2 39.860 2323.2
130.00 19.467 22.837 42.305 2968.9 40.789 2530.8
135.00 20.342 23.519 43.862 3175.1 41.692 2746.2
140.00 21.210 24.184 45.394 3385.7 42.567 2969.3
145.00 22.070 24.832 46.902 3600.7 43.416 3200.1
150.00 22.922 25.466 48.388 3819.9 44.242 3438.3
155.00 23.767 26.084 49.852 4043 .

1

45.048 3683.9
160.00 24.605 26.690 51.295 4270.3 45.839 3936.8
165.00 25.435 27.282 52.717 4501.5 46.618 4196.8
170.00 26.259 27.862 54.120 4736.5 47.385 4464.0
175.00 27.074 28.430 55.505 4975.3 48.141 4738.0
180.00 27.883 28.988 56.871 5217.9 48.882 5019.0
185.00 28.685 29.536 58.221 5464.

1

49 . 607 5306.7
190.00 29.480 30.073 59.553 5713.9 50.313 5601.1
195.00 30.268 30.601 60.869 5967.2 50.998 5902.2
200.00 31.049 31.119 62.168 6223.8 51.662 6209.8
205.00 31.824 31.628 63.452 6483.8 52.304 6523.9
210.00 32.592 32.128 64.720 6746.8 52.925 6844.3
215.00 33.354 32.619 65.972 7013.0 53.527 7171.0
220.00 34.109 33.100 67.210 7282.1 54.111 7504.0
225.00 34.858 33.574 68.432 7554.1 54.678 7843.1
230.00 35.601 34.038 69.640 7828.8 55.230 8188.3
235.00 36.338 34.495 70.833 8106.3 55.769 8539.5
240.00 37.069 34.944 72.013 8386 .

5

56.294 8896.6
245.00 37.794 35.385 73.179 8669.3 56 • 806 9259.6
250.00 38.513 35.818 74.332 8954.5 57.306 9628.4
255.00 39.227 36.244 75.471 9242.3 57.792 10003.
260.00 39.935 36.663 76.598 9532.4 58.264 10383.
265.00 40.637 37.075 77.712 9824.9 53.723 10769.
270.00 41.334 37.480 78.814 10120. 59.168 11160.
273.15 41.770 37.732 79.502 10306. 59.440 11410.
275.00 42.025 37.878 79.904 10417. 59.598 11557.
280.00 42.711 38.270 80.981 10716 . 60.013 11959.
285.00 43.392 38.655 82 . 047 11017. 60.413 12367 .

290.00 44.068 39.033 83.101 11320. 60.799 12780.
295.00 44.738 39.406 84. 144 11625. 61.170 13198.
298.15 45.158 39.637 84.794 11818. 61.397 13464.
300.00 45,404 39.771 85.175 11931. 61.527 13621.

H^ AND S^ APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-150

THERMODYNAMIC FUNCTIONS FOR VANADIUM MONOXIDE (V 0 )

SOLID PHASE

GRAM MOLECULAR WT.= 66.9414 GRAMS 1 CAL=4.1840 JOULES
T DEG K = 273.15 + T DEG C

T -I G°-HC
) /T (H°-H C

) /T ( s -s
c

) ( H°—

H

C
) C

P
-(G°-H C

T 0 T 0 T 0 T 0 P T 0

CAL CAL CAL CAL CAL CAL
DEG K DEG MOLE DEG MOLE DEG MOLE MOLE DEG MOLE MOLE

o.oo o.oon 0.000 0.000 0.000 0.000 0.000
5.00 0.000 0.000 0.000 0.001 0.001 0.000

10.00 0.001 0.002 0.002 0.018 0.007 0.006
15.00 0.002 0.006 0.008 0.092 0.024 0.031
20.00 0.005 0.015 0.019 0.290 0.058 0.097
25.00 0.009 0.028 0.038 0.709 0.113 0.236
30.00 0.016 0.049 0.065 1.469 0.195 0.490
35.00 0.026 0.078 0.103 2.714 0.308 0.907
40.00 0.039 0.115 0.154 4.600 0.452 1 . 545
45.00 0.055 0.162 0.217 7.283 0.626 2.465
50.00 0.075 0.218 0.293 10.905 0.827 3.733
55.00 0.098 0.283 0.382 15.585 1.048 5.414
60.00 0.126 0.357 0.483 21.404 1.281 7.571
65.00 0.158 0.437 0.595 28.405 1.520 10.261
70.00 0.193 0.523 0.716 36.613 1.764 13.535
75.00 0.233 0.614 0.847 46.062 2.013 17.439
80.00 0.275 0.709 0.985 56.751 2.268 22.013
85.00 0.321 0.809 1.130 68.737 2.527 27.296
90.00 0.370 0.911 1.282 82.030 2.790 33.322
95.00 0.422 1.017 1.440 96.643 3.055 40. 123
100.00 0.477 1.126 1.603 112.59 3.323 47. 728
105.00 0.535 1.237 1.772 129.87 3.592 56. 163
110.00 0.595 1.350 1.945 148.51 3.862 65.453
115.00 0.658 1.465 2.123 168.50 4.133 75.621
120.00 0.722 1.582 2.304 189.84 4.4Q5 86. 688
125.00 0.789 1.700 2.490 212.55 4.676 98.671
130.00 0.858 1.820 2.678 236.60 4.947 111.59
135.00 0.929 1.941 2.870 262.02 5.217 125.46
140.00 1.002 2.063 3.065 288.77 5.484 140.30
145.00 1.077 2.185 3.262 316.85 5.747 156. 11

150.00 1.153 2.308 3.461 346.23 6.004 172.92
155.00 1.230 2.431 3.662 376.88 6.253 190.73
160.00 1.310 2.555 3.864 408.75 6.494 209.54
165.00 1.390 2.678 4.068 441.80 6 • 726 229.37
170.00 1.472 2.800 4.272 475.99 6.949 250.22
175.00 1.555 2.922 4.476 511.27 7.164 272.09
180.00 1.639 3.042 4.681 547.62 7.373 294.98
185.00 1.724 3.162 4.886 584.99 7.575 318.90
190.00 1.810 3.281 5.091 623.36 7.771 343.84
195.00 1.896 3.398 5.295 662.69 7.963 369.80
200.00 1.984 3.515 5.499 702.98 8.149 396.79
205.00 2.072 3.630 5.702 744. 18 8.331 424.79
210.00 2.161 3.744 5.905 786.28 8.508 453.81
215.00 2.250 3.857 6.107 829.25 8.680 483.84
220.00 2.340 3.969 6.309 873.07 8.848 514.88
225.00 2.431 4.079 6.510 917.72 9.011 546. 93
230.00 2.522 4.188 6.709 963.17 9.169 579.98
235.00 2.613 4.295 6.908 1009.4 9.322 614.02
240.00 2.704 4.402 7.106 1056.4 9.472 649.06
245.00 2.796 4.507 7.303 1104.1 9.617 685.08
250.00 2.888 4.610 7.499 1152.5 9.757 722.08
255.00 2.981 4.712 7.693 1201.7 9.893 760 . 06
260.00 3.073 4.813 7.886 1251.5 10.025 799.01
265.00 3.166 4.913 8.079 1301.9 10.151 838.93
270.00 3.259 5.011 8.270 1353.0 10.273 879.80
273.15 3.317 5.072 8.389 1385.5 10.346 906.03
275.00 3.351 5.108 8.459 1404.6 10.389 921.62
280.00 3.444 5.203 8.647 1456.9 10.499 964. 39
285.00 3.537 5.297 8.834 1509.6 10.604 1008.1
290.00 3.630 5.389 9.019 1562.9 10.703 1052.7
295.00 3.723 5.480 9.203 1616.6 10.795 1098.3
298.15 3.781 5.537 9.318 1650.7 10.851 1127.5
300.00 3.816 5.569 9.385 1670.8 10.883 1144.8

H^ AND S^ APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
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TABLE B-150 (CONT.)

THERMODYNAMIC FUNCTIONS FOR VANADIUM MONOXIDE (V 0 )

SOLID PHASE

GRAM MOLECULAR WT.= 66.9414 GRAMS 1 CAL=4.1840 JOULES
T DEG K = 273.15 + T DEG C

T -(G°-H C
)/T (H° —hS/T is -sS ( H°-H C

) C° -(G°-H^
T 0 T 0 T 0 T 0 P T 0

,,
CAL CAL CAL CAL CAL CAL

DEG K DEG~ROLE BEG“ROlE BEG~R0CE ROLE BEG~ROCE mOlE

300.00 3.816 5.569 9.385 1670.8 10.883 1144.8
310.00 4.001 5.743 9.745 1780.5 11.041 1240.4
320.00 4.186 5.911 10.097 1891.6 11.179 1339.6
330.00 4.371 6.073 10.443 2004.0 11.300 1442.3
340.00 4.554 6.228 10.782 2117.5 11.407 1548.5
350.00 4.737 6.377 11.114 2232.1 11.502 1658.0
360.00 4.919 6.521 11.440 2347.5 11.589 1770.7
370.00 5.099 6.659 11.758 2463.8 11.669 1886.7
373.15 5.156 6.701 11.857 2500.6 11.692 1923.9
380.00 5.279 6.792 12.070 2580.9 11.743 2005.9
390.00 5.457 6.920 12.376 2698.7 11.812 2128. 1

400.00 5.633 7.043 12.676 2817.1 11.878 2253.4
425.00 6.069 7.332 13.401 3116.0 12.028 2579.4
450.00 6.496 7.596 14.092 3418.4 12.162 2923.2
475.00 6.913 7.840 14.753 3724.0 12.284 3283.8
500.00 7.321 8.065 15.386 4032.5 12.396 3660.6
550.00 8.109 8.468 16.577 4657.5 12.603 4460 .

1

600.00 8.861 8.821 17.683 5292.6 12.802 5316.9
650.00 9.580 9.135 18.715 5937.7 13.000 6227. 1

700.00 10.268 9.418 19.686 6592.6 13.195 7187.4
750.00 10.926 9.676 20.603 7257.2 13.391 8194.8
800.00 11.559 9.915 21.473 7931.9 13.599 9246.8
850.00 12.166 10.138 22.304 8617.3 13.822 10341

.

900.00 12.752 10.349 23.101 9314.2 14.054 11477.
950.00 13.317 10.550 23.867 10023. 14.285 12651.

1000.00 13.863 10.743 24.605 10743. 14.507 13863.
1050.00 14.392 10.927 25.318 11473. 14.716 15111.
1100.00 14.904 11.103 26.007 12214. 14.910 16394.
1150.00 15.401 11.273 26.674 12964. 15.089 17712.
1200.00 15.885 11.435 27.320 13722 . 15.252 19061 .

1250.00 16.355 11.591 27.946 14489. 15.400 20443.
1300.00 16.812 11.740 28.552 15262. 15.534 21856.
1350.00 17.258 11.883 29. 141 16042. 15.655 23298.
1400.00 17.693 12.019 29.712 16827. 15.764 24770.
1450.00 18.117 12.150 30.267 17618. 15.860 26269.
1500.00 18.531 12.275 30.806 18413. 15.956 27796.
1550.00 18.935 12.396 31.331 19213. 16.052 29350.
1600.00 19.331 12.511 31.842 20018. 16.148 30929.
1650.00 19.717 12.623 32.340 20828. 16.243 32534.
1700.00 20.096 12.731 32.827 21643. 16.338 34163.
1750.00 20.466 12.835 33.302 22462 . 16.433 35816.
1800.00 20.829 12.937 33.766 23286 . 16.527 37493.
1850.00 21.185 13.035 34.220 24114. 16.621 39193.
1900.00 21.534 13.130 34.665 24948. 16.716 40915

.

1950.00 21.876 13.224 35.100 25786. 16.810 42659.
2000.00 22.212 13.314 35.527 26629. 16.903 44425.

C C
H AND S APPLY TO THE REFERENCE STATE OF THE SOLID AT ZERO DEG K
0 0
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APPENDIX III

A LIST OF PUBLICATIONS SINCE 1957 BY THE STAPF OF THE
NATIONAL BUREAU OF STANDARDS BEARING ON THE THERMODYNAMIC
PROPERTIES OF LIGHT-ELEMENT AND SOME RELATED SUBSTANCES

A comprehensive interdivision program of research on the thermo-

dynamic properties of light-element compounds and a few other classes

of substances of interest in chemical propulsion has been sponsored

at the National Bureau of Standards by the Advanced Research Projects
Agency continuously since 1958, and is still in progress under the

sponsorship of the Air Force Office of Scientific Research. The

following list of publications (which is limited to unclassified ones)

is designed to reflect not only the formal output of this program so

far, but also that research during the same period of time and by the
same staff members which, despite its sponsorship otherwise than by
ARPA or AFOSR, logically belongs in the same subject category. The
list thus omits work done by other NBS groups which may also contribute
to light-element thermodynamics.

The publications listed are grouped into the following major
categories, though some occasionally overlap (particularly V and VI
with the other categories)

.

I. Heats of Formation, Reaction, and Solution by Calorimetry
II. Heat Capacities and Heats of Fusion (Solids and Liquids)

III. High-Temperature Equilibrium and Kinetic Studies
IV. Absorption and Emission Spectroscopy
V. Pertinent New Apparatus and Experimental and Computative Methods

VI. Bibliographies, Reviews, All-Theoretical Studies, etc.
VII. Preliminary Reports (Summary Technical Reports) on the

Thermodynamic Properties of Light-Element and Some
Related Compounds

In addition, each of the above groups is subdivided as follows:

Part A. Actual Publications : Material already published or
accepted for publication, either formally (in journals, handbooks,
monographs, etc.) or as reports, but excluding specific parts of the
14-semiannual Technical Summary Reports (some 2500 pages) issued as
part of the ARPA- sponsored program since 1958. (These 14 reports
are listed at the end.)

Part B . Projected Publications : Unpublished manuscripts which
have at least reached the stage where their submission for publication
can be scheduled for some fairly definite time in the near future.
Since this criterion is necessarily a vague one, the coverage in Part B
cannot be entirely consistent nor all-inclusive, but should help to
bridge the time gap between completion of research and its actual
publicat ion.
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I. Heats of Formation, Reaction* and Solution by Calorimetry

Part A. Actual Publications

Heat of Formation of Boron Trichloride
Walter H. Johnson, Richard G. Miller, and Edward J. Prosen

J. Research NBS 62, 213 (1959).

Heat of Formation of Beryllium Chloride
Walter H. Johnson and Alexis A. Gilliland

J. Research NBS 65

A

, 59 (1961).

Heat of Decomposition of Potassium Perchlorate
Walter H. Johnson and Alexis A, Gilliland

J. Research NBS 65A, 63 (l96l)

.

Heats of Formation of Lithium Perchlorate, Ammonium Perchlorate, and
Sodium Perchlorate

Alexis A. Gilliland and Walter H. Johnson
J. Research NBS 6£A, 67 (1961).

Heat of Formation of N-Dimethylaminodiborane
Walter H. Johnson, Irving Jaffe, and Edward J, Prosen

J 0 Research NBS 6^A, 71 (1961).

Heats of Hydrolysis and Formation of Potassium Borohydride
Walter H. Johnson, Richard H. Schumm, Isa H. Wilson, and
Edward J, Pro sen

J. Research NBS 6^A, 97 (1961).

Heats of Combustion and Formation of Trimethylborane, Triethylborane,
and Tri-n-butylborane

Walter H. Johnson, Marthada V, Kilday, and Edward J. Prosen
J. Research NBS 65A, 215 (1961).

Efeats of Hydrolysis and Formation of Dimethoxychloroborane
Marthada V. Kilday, Walter H. Johnson, and Edward J. Prosen

J. Research NBS 65A . 435 (1961).

Heat of Formation of Nitronium Perchlorate
Alexis A. Gilliland

J. Research NBS 66a, 447 (1962).

Heats of Solution, Transition, and Formation of Three Crystalline
Forms of Metaboric Acid

Marthada V. Kilday and Edward J. Prosen
J. Research NBS 68A, 127 (1964).
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Heat of Formation of Nitrogen Trifluoride and the N-F Bond Energy
George T, Armstrong, Sidney Marantz, and C* F. Coyle

J. Am. Chem. Soc. 81, 3798 (1959).

Heats of Formation of Two Isomers of Difluorodiazine
George T, Armstrong and Sidney Marantz

J. Ghem. Phys. ^8, 169-172 (1963).

The Heat of Combustion of Dicyanoacetylene
George T. Armstrong and Sidney Marantz

J, Phys. Ghem. 64, 1776 (i960).

The Heat of Combustion and Heat of Formation of Aluminum Carbide
R. C 0 KLag and G, T. Armstrong

Jo Research Natl. Bur. Standards 68A, 661-668, Nov. -Dec. (196^.

Heat of Decomposition of Sodium and Potassium Chlorate
A. A. Gilliland and D. D. Wagman

J. Research Natl, Bur. Standards 69A . 1 (1965).

The Heat of Formation of Aluminum Fluoride by the Direct Combination
of the Elements

E. S, Domalski and G. T. Armstrong
J. Research Natl, Bur. 'Standards 69A , 137-148 (1965)

»

Thermodynamic Studies of Substances of Interest in a Light Element
Program. Part 1. Inorganic Compounds

George T. Armstrong
Interagency Chemical Rocket Propulsion Group, Working Group
on Thermochemistry 0 Proceedings of the First Meeting,
Nov. 1963, Vol. I, pp 0 49-80. (Chemical Propulsion
Information Agency Publ. No. 44 (U) , Feb. 1964).

Calorimetric Investigation of Aluminum Borohydride
A. A, Gilliland and D, D. Wagman

Interagency Chemical Rocket Propulsion Group, Working Group
on Thermochemistry,, Proceedings of the Second Meeting,
June 1964> Vol. I, p. 53. (Chemical Propulsion Information
Agency, Publ. No. 54 U, Aug. 1964).

Heat of Chlorination of Aluminum Borohydride
A. A, Gilliland and D. D. Wagman

Interagency Chemical Rocket Propulsion Group, Working Group
on Thermochemistry. Proceedings of the Third Meeting,
Mar. 1965, Vol. I (in press) (Chemical Propulsion Information
Agency)

,
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Calorimetry of Beryllium Compounds
George T, Armstrong

Interagency Chemical Rocket Propulsion Group* Working Group
on Thermochemistry. Proceedings of the Second Meeting,
June 1964, Vol. I, pp. 73-78* (Chemical Propulsion Informa-
tion Agency Publ. No. 54 (U) * Aug, 1964.)

Combustion and Reaction Calorimetry of Several Compounds of Interest
in a Light Element Program

George T, Armstrong
Interagency Chemical Rocket Propulsion Group* Working Group
on Thermochemistry, Proceedings of the Third Meeting*
Mar. 1965, Vol. I. (In press) (Chemical Propulsion
Information Agency,)

Part B, Projected Publications

The Heats of Formation of Aluminum Diboride and Alpha Aluminum
Dodecaboride

E. S, Domalski and G, T. Armstrong
J. Research Natl. Bur, Standards (To be submitted.)

The Heat of Formation of Beryllium Fluoride by Direct Combination of
the Elements

K. L. Churney and G, T. Armstrong
J. Research Natl. Bur, Standards. (To be submitted)

Contribution to the Thermochemistry of Beryllium. A Nev Application
of the Rotating Bomb Calorimeter.

G. T. Armstrong and C. F. Coyle
(To be submitted for Publication.)
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II. Heat Capacities and Heats of Fusion (Solids and Liquids )

Fart A, Actual Publications

The Heat Capacity of Sulfur from 25 to 456°, the Heats and Tempera-
tures of Transition and Fusion

Estal D. West
J, Amer. Chem, Soc, 81, 29 (1959)*

Calorimetric Properties of Some Alkali Pentaborate Hydrates from

15 to 370°K
G. T* Furukawa, M, L. Reilly, and J. H, Piccirelli

J. Res, Natl. Bur. Standards 68A, 381-389 (1964).

Heat Capacity of Potassium Borohydride (KBH4 ) from 15 to 375°K.

Thermodynamic Properties from 0 to 700°K.

G. T. Furukawa, M. L. Reilly, and J. H. Piccirelli
J. Res. Natl. Bur. Standards 68A , 651-659 (1964).

Heat Capacity and Thermodynamic Properties of Beryllium Aluminate
(Chrysoberyl) , BeOAhpOs, from 16 to 380°K

G. T. Furukawa and W, G„ Saba
J. Res. Natl. Bur. Standards 69A. 13-18 ( 1965 ).

Calorimetric Determination of the Enthalpy of Graphite from 1200 to

2600°K
E. D. West and S. Ishihara

Paper in book "Advances in Thermophysical Properties at

Extreme Temperatures and Pressures", Amer. Soc. Mech.
Engin., New York, 1965.

Thermodynamic Properties of Magnesium Oxide and Beryllium Oxide
from 298° to 1200°K

A. C, Victor and T. B. Douglas
J. Research Natl. Bur, Standards 67A, 325-329 (1963).

Heat Content of Sodium Borohydride and Potassium Borohydride from
0° to 400°C as Determined by the Drop Method

T. B, Douglas and A, W. Harman
J. Research Natl. Bur, Standards 60, 117-124 (1958).

Heat Content of Zirconium and of Five Compositions of Zirconium
Hydride from 0° to 900°C

T. B. Douglas and A. C. Victor
J. Research Natl. Bur. Standards 61, 13-23 (1958).

The Relative Enthalpy of Polytetrafluoroethylene from 0 to 440°C
T. B. Douglas and A. W. Harman

J. Research Natl. Bur. Standards 69A, 149-157 ( 1965 ).
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Heat Capacity and Enthalpy Measurements on Aluminum Carbide (AI4 C3 )

from 15 to 1173°K. Thermodynamic Properties from 0 to 2000°K
G. T. Furukawa, T. B. Douglas* W. G. Saba* and A. C* Victor

J. Res. Natl, Bur. Standards 69A , Sept. -Oct. ( 1965 ).

Part B. Projected Publications

Heat Capacity and Thermodynamic Properties of Beryllium Nitride*
Be3N2 * from 16 to 370°K

G. T. Furukawa and M. L. Reilly
(Journal publication in near future.)

Heat Capacity and Thermodynamic Properties of Beryllium Aluminate*
BeO*3At203j from 16 to 380°K

G. T. Furukawa and W. G. Saba
(Journal publication in near future.)

Thermodynamic Properties of Beryllium Nitride (Be3Np) and Lithium
Fluoroberyllate (LipBeF/) Based on Enthalpy Measurements in the
Interval 273 to 1173°K

4

T. B. Douglas and W. H. Payne
(To be submitted for journal publication.)

Thermodynamic Properties of Lithium Fluoroaluminate (L^AtF^) and
Crystalline Aluminum Fluoride (A-tF3 ) Based on Enthalpy Measurements
from 273 to 1173°K

T. B. Douglas* D. A. Ditmars* and J. E. Neufer
(To be submitted for journal publication.)

Thermodynamic Properties of Two Aluminates of Beryllium (BeA
and BeAt^O ]_q) Based on Enthalpy Measurements from 273 to 1173°K

D. A. Ditmars and T. B. Douglas
(To be submitted for journal publication.)

High-Temperature Thermodynamic Properties of the Condensed Phases
of Potassium Chloride, Lithium Chloride, and their Eutectic Solution

T, B. Douglas and A Q W. Harman
(To be submitted for journal publication.)

Heat Capacity and Thermodynamic Properties of Beryllium Oxide, BeO,

from 15 to 380°K
G. T. Furukawa and M. L. Reilly

(Journal publication in near future.)
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III. High-Temperature Equilibrium and Kinetic Studies

Part A. Actual Publications

Spectrophotometric Determination of the Rate of Dissociation of

Tetrafluorohydrazine Behind a Shock Wave
Lawrence M, Brown and Basil deB, Darwent

J. Chem, Phys. 42, 2158-2165 (1965)*

Apparent Temperatures at Melting Points of Some Metal Oxides in

a Solar Furnace
J, J, Diamond and S, J, Schneider

J, Am. Ceram. Soc, 41, 1-3 (I960).

Solubility of Water Vapor in Molten Alumina
J. J, Diamond and A, L. Dragoo

"Thermal Imaging Techniques" Ed, by P. E. Glaser and
R. F. Walker, Plenum Press 1964* pp. 225-228.

Part B» Projected Publications

Vapor Pressure and Heat of Sublimation of Aluminum Trifluoride as
Determined by the Transpiration Method from 1230° to 1290°K

R. F. Krause, Jr,, A. C. Victor, and T. B. Douglas
(To be submitted for journal publication.)

Mass Spectrometric Investigation of Vaporization and Reaction in the
BeO-BeFg System

J, Efimenko
(To be submitted to J, Chem, Phys.)

Mass Spectrometric Investigation of Vaporization and Reaction in

the Be0-At203 System
J. Efimenko

(To be submitted to J, Chem, Phys.)

Preparation of Pure Polymorphs of BeF2 by Phase Purifications at

High-Temperatures
A. R. Glasgow, Jr.

(To be submitted to J, Research NBS, A. Physics and Chemistry,,)

Hydrofluorothermal Growth of Crystalline BeFp Under HF Pressure
A, R. Glasgow, Jr,

(To be submitted for journal publication.)
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Studies of Molten Alumina in the Arc-Image Furnace
J* J. Diamond and A, L. Dragoo

Vapor-Deposited Altunina- and Its Transition to a-Alumina
A, L, Dragoo and J, J„ Diamond

Effect of Silica on the Phase Transformation of Vapor-Deposited
Alumina

A, L, Dragoo and J* J, Diamond
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IV. Absorption and Emission Spectroscopy

Part A, Actual Publications

Infrared Emission Spectra of B2C>3(g) and B202(g)
David White, Patrick N. Walsh, and D. E. Mann

J. Chem. Phys. 28, 508 (1958).

Infrared Emission Spectra of Gaseous B2O3 and B2O2
David White, David E, Mann, Patrick N, Walsh, and Amin Sommer

J. Chem. Phys. J2, 481 (i960).

Infrared Emission Spectrum of Gaseous HBOp
David White, David E, Mann, Patrick N. Walsh, and Armin Sommer

J, Chem. Phys. 22, 488 (i960).

The Infrared Absorption Spectra of B2O3, BpOp and BOp in Solid Argon
Matrices

D, E. Mann, A. Sommer, David White, and M, J. Linevsky
J. Chem. Phys. 38, 87 (1963).

The Infrared Spectra, Structures, and Thermodynamic s of Gaseous LiO,
LipO and 14-202

D. E. Mann, David White, K. S, Seshadri, and D. F. Dever
J. Chem. Phys. 22, 2463 (1963).

Infrared Spectrum and Structure of Gaseous A-tpO

M* J. Linevsky, David White, and D. E. Mann
J. Chem, Phys. 42, 542 (1964).

Microwave Spectrum and Structure of N2F4
David R» Lide, Jr. and D» E. Mann

J. Chem. Phys. 2I> 1129 (1959).

Microwave Spectrum of Aluminum Monofluoride
D. R. Lide, Jr.

J. Chem, Phys. 38, 2027 (1963).

Microwave Spectrum of Lithium Chloride
David R, Lide, Jr., P. Cahill, and L. P. Gold

J. Chem, Phys, 40, 156-159 (1964).

High Temperature Microwave Spectroscopy: AIF and AlGl
D, R. Lide, Jr.

J. Chem. Phys. £2, 1013 (1965) 0
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Spectroscopy of Fluorine Flames, I, Hydrogen-Fluorine Flame and
the Vibration-Rotation Emission Spectrum of HF

D. E, Mann, B, A, Thrush, D, R, Lide, Jr,, J, J, Ball, and
N. Acquista

J, Chem. Phys, 34 , 420 (1961).

Recent Microwave Spectra Studies of High Temperature Species
D. R, Lide, Jr,

Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry, Proceedings of the First
Meeting, Nov, 1963, Vol, I, pp. 1-2, (Chemical
Propulsion Information Agency Publ, No, 4-4 (U) > Feb, 1964) •

High-Temperature Matrix Spectroscopy at the National Bureau of
Standards

D. E, Mann
Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry, Proceedings of the Third
Meeting, Mar, 1965, Vol, I, (in press) (Chemical
Propulsion Information Agency)

•

Infrared Spectrum and Structure of the NF2 Radical
M, D, Harmony, R, J, Meyers, L, J, Schoen, D. R, Lide, Jr,,
and D, E, Mann

J, Chem, Phys. 31, 1129 (1961)

.

Microwave Spectrum and Structure of Dlfluoramine
David R, Lide, Jr,

J, Chem. Phys. 18, 456 (1963).

Infrared Spectrum of Difluoroamine
J. J, Comeford, D, E. Mann, L, J, Schoen, and D. R, Lide, Jr,

J, Chem, Phys, 18, 461 (1963).

Microwave Spectrum of the SO Radical
F. X, Powell and D, R. Lide, Jr,

J. Chem, Phys, 41 , 14-13 (1964 )

.

Part B, Projected Publications

Vibrational Matrix Spectra of Group II A Fluorides
D. E. Mann, et al.
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Low Frequency Vibrational Matrix Spectra and Structure of ELCL
D. E. Mann, et al.

Low Frequency Vibrational Matrix Spectra and Structure of Li_0
D. E. Mann, et al.

Improved Measurement of the Electric Dipole Moment of the Hydroxyl
Radical

F. X. Powell and D. R. Lide, Jr.
(To be published in J. Chem. Phys.)

293



V. Pertinent New Apparatus and Experimental

and Computatlve Methods

Part A. Actual Publications

Combustion Calorimetry with Fluorine. Constant Pressure Flame
Calorimetry

George T. Armstrong and Ralph S. Jessup
J. Research Natl. Bur, Standards 64A , 49-59 (i960).

New Apparatus for the Precise Measurement of Heat Content and
Heat Capacity from 0° to 1500°C

T. B. Douglas and W. H. Payne
NBS Handbook 77: Vol.’ll, 241-276 (1961).

Calorimetric Calibration of the Electrical Energy Measurement in an
Exploding Wire Experiment

D. H. Tsai and J. H. Park
"Exploding Wire^', Vol. II, ed. W. G, Chace and H. K. Moore,,

Plenum Press, New York, 1962.

A Fast-Opening, Large-Aperture Shutter for High-Speed Photography
E. C. Cassidy and D. H. Tsai

J. Research Natl, Bur, Standards 67C , Jan. -March 1963
Reprinted in J. of Soc. Mot. Picture and Television
Engineers, 9 E. 41 St., New York (1963).

Versatile Stark Waveguide for Microwave Spectroscopy
D. R. Lide, Jr.

Rev. Sci. Inst. 2£, 1226 (1964).

High-Speed Thermodynamic Measurements and Related Techniques
C. W. Beckett and A. Cezairliyan

Chapter of book "Experimental Thermodynamics, Vol. I.

Calorimetry of Non-Reacting Systems" (to be published).

A High-Speed (milliseconds) Method for the Simultaneous Measure-
ment of Enthalpy, Specific Heat, and Resistivity of Electrical
Conductors at High Temperatures

A Cezairliyan
Advances in Thermophysical Properties at Extreme Temperatures
and Pressures , p. 253, Amer. Soc. Mech. Eng., 345 East 47 St.,

New York (1965)1

Light-Element Purification
A. R. Glasgow, Jr.

Manuscript prepared for inclusion in NBS Tech. Note ,

Analysis and Purification Section: Summary of Activities
July 1964 to June 1965

.
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Hydrofluorothermal Growth of Crystalline BeF2 under HF Pressure
A. R. Glasgow, Jr.

NBS Tech. Note 251, Sec. 2.3, p. 10-11, Oct. 1964;

and MBS Tech. Note 260, Sec. 2.25, p. 23-24, May 1965.

Apparatus for High-Temperature Preparation of Pure Crystalline
Polymorphs

A. R. Glasgow, Jr.
NBS Tech. Note 251, Sec. 5.2, p. 53-54, Oct. 1964; and
NBS Tech. Note 260, Sec. 5.16, p. 75-79, May 1965.

Electrical Resistances of Wires of Low Temperature Coefficient of

Resistance Useful in Calorimetry (10o-380°K)
G. T. Furukawa, M. L. Reilly, and W. G. Saba

Rev. Sci. Instr. 2J5, No. 1, 113-114 (1964).

Principles of Calorimetric Design
D. C. Ginnings and E. D, West

Chapter of book "Experimental Thermodynamics. "Vol. I:

Calorimetry of Non-Reacting Systems" (to be published)

.

High-Temperature Drop Calorimetry
Thomas B. Douglas and Edward G. King

Chapter of book "Experimental Thermodynamics. Vol. I:

Calorimetry of Non-Reacting Systems" (to be published)

.

An Adiabatic Calorimeter for the Range 30 to 500°C
E. D. West and D. C. Ginnings

J. Research Natl, Bur. Standards 60, 309 (1958).

Techniques in Calorimetry, I. A Noble-Metal Thermocouple for
Differential Use

E. D. West
Rev. Sci. Instr. 22* 896 (i960).

Heat Exchange in Adiabatic Calorimeters
E. D, West

J. Research Natl. Bur. Standards 67A , 331 (1963) .

Heating Rate as a Test of Adiabatic Calorimeters, and the Heat
Capacity of a-Alumina

E. D. West
Trans. Faraday Soc. 22* 2200 (1963).

Heat Lead Problem in Calorimetry
D. C. Ginnings and E. D. West

Rev. Sci. Instr. 22* 965 (1964).
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Part B. Projected Publications

Debye Thermodynamic Functions in One, Two, and Three Dimensions
M, L. Reilly and G. T. Furukawa

(JIBS Monograph, in near future^)

Adiabatic Low-Temperature Calorimetry
E. F. Westrum, Jr., J. P. McCullough, and G, T. Furukawa

Chapter of book "Experimental Thermodynamics. Vol. I:

Calorimetry of Non-Reacting Systems".

Adiabatic Calorimetry from 300 to 800°K
Estal D. West and Edgar F. Westrum, Jr.

Chapter of book "Experimental Thermodynamics. Vol. Is

Calorimetry of Non-Reacting Systems".

High-Temperature Valve for Use with Fluorides
A. R, Glasgow, Jr.

Anal, Chem, "Aids for the Analyst." (Manuscript in
process of review for publication.)

Nickel-Monel Trap for Fluorides
A. R. Glasgow, Jr.

Anal. Chem. "Aids for the Analyst." (Manuscript in process
of review for publication.)

Time-Resolved Electrical Measurements in High-Current Discharges
E. C. Cassidy, S. W. Zimmerman, and K. K. Neumann

Submitted for publication in Rev. Sci. Instr.

Rupture-Disc Ampoule for Anhydrous Addition of HF to a Closed Bomb

Ao R. Glasgow, Jr.

Anal. Chem. Manuscript being prepared for publication.

Design of Automatically Controlled High-Temperature, Three-Zone
Furnace

A. R e Glasgow, Jr.
J. Research NBS C (Eng. and Inst.). Manuscript to be

prepared for publication.

Preparation of Pure Crystalline Solids by Phase Purifications at

High Temperatures
A. R. Glasgow, Jr.

J. Research NBS A (Phys. and Chem.). Manuscript to be

prepared for publication.

Photographic and Spectroscopic Studies of Exploding Wires in a

Sealed Vessel
E. C. Cassidy and K, K. Neumann

Submitted for publication in Proc. 7th Int. Congress on

High-Speed Photography, Zurich, Switzerland.
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VI. Bibliographies. Reviews. All-Theoretical Studies, etc

Part A. Actual Publications

LCAO-MO SCF Study of B

Alice A 0 Padgett and Virginia Griffing
J. Chem. Phys. £0, 1286-1291 (1959).

Fluorine Flame Calorimetry
George T. Armstrong

Chapter 7, "Experimental Thermochemistry, Vol. II,

H. A. Skinner, Ed. (interscience Publishers, New York, 1962) 0

Heats of Formation of Inorganic Fluorine Compounds - A Survey
George T. Armstrong and Leslie A. Krieger

Progress in International Research on Thermodynamic and
Transport Properties, Joseph F. Masi and Donald H. Tsai,
Editors, (ASME) , Academic Press, 1962, pp. 8-78.

Rate of Vaporization of Refractory Substances
R. F 0 Walker, J. Efimenko, and N. L. Lofgren

Proceedings of the Conference on Physical Chemistry in

Aerodynamics and Space Flight, A. L. Meyerson and
A. Co Harrison, Ed. Pergamon Press, New York 1961, pp. 24-30.

Rate of Vaporization of Refractory Substances
J. J. Diamond, J. Efimenko, R„ F. Hampson, and R. F 0 Walker

Proceedings of the Fourth International Symposium on the
Reactivity of Solids, Elsevier Publ„ Co., Amsterdam,
1961, pp. 725-34*

High Temperature Measurements and Standards: 1000-3000°C
R. F. Walker

''High Temperature Technology1

^ supplement to Pure and Applied
Chemistry, 7-38 (1964)*

The Zirconium-Hydrogen System: Some Thermodynamic Properties from a

Heat Content Study
T. Bo Douglas

J. Am. Chem. Soc 0 80, 5040-5046 (1958).

Current Thermodynamic Research on Light-Element Compounds at the
National Bureau of Standards

T. B. Douglas
Proceedings of the Propellant Thermodynamics and Handling
Conference, Ohio State Univ. Special Report 12, 111-126 (1960) o
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High-Temperature Thermodynamic Functions for Zirconium and Unsaturated
Zirconium Hydrides

T. B. Douglas
J. Research Natl, Bur, Standards 67A, 403-426 (1963)*

A Statistical Model for the Beta Zirconium Hydrides
T, B, Douglas

J. Chem. Phys. 40 , 2243-2257 (1964).

The Calorimeter and Its Influence on the Development of Chemistry
George T, Armstrong

J. Chem. Educ. 41, 297-307 (1964).

Thermodynamic Data Compilation and Review at the National Bureau
of Standards

G. T. Armstrong
Svensk Kemisk Tidskrift 76, 419-427 (1964).

Recent Studies of Thermodynamic Properties of Beryllium Species
T. B. Douglas

Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry. Proceedings of the First
Meeting, Nov. 1963, Vol. I, pp. 87-99. (Chemical Propulsion
Information Agency, Publ. No. 44 (U) , Feb. 1964).

A Survey of Certain Thermodynamic Data on Some Light-Element
Mixed-Metal and Mixed-Nonmetal Compounds

T. B. Douglas
Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry. Proceedings of the First
Meeting, Nov. 1963, Vol. I, pp. 173-182. (Chemical
Propulsion Information Agency, Publ. No. 44 (U) , Feb. 1964).

Selected Values of Chemical Thermodynamic Properties
Donald D. Wagman

Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry. Proceedings of the Second
Meeting, June 1964, Vol. I, pp. 13-34* (Chemical
Propulsion Information Agency, Publ. No. 54 U, Aug. 1964).

Recent Studies of Thermodynamic Properties of Some Beryllium and
Aluminum Species

Thomas B. Douglas
Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry. Proceedings of the Second
Meeting, June 1964, Vol. I, pp. 67-72. (Chemical Propulsion
Information Agency, Publ, No. 54 U, Aug. 1964).
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Some Aspects of High-Temperature Matrix-Isolation Spectroscopy
D. E, Mann

Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry. Proceedings of the Second
Meeting, June 1964* Vol. I, pp. 109-115. (Chemical
Propulsion Information Agency, Publ. No, 54 U, Augo 1964),

Status of Thermochemical Data on Some Heavy-Metal Oxides and Halides
Donald D. Wagman

Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry. Proceedings of the Third Meeting,
Mar. 1965, Vol. I (in press) (Chemical Propulsion Information
Agency).

A Survey of the Thermodynamic Data on Heavier Elements and Their
Compounds: High-Temperature Enthalpy and Vaporization Equilibria

Thomas B, Douglas
Interagency Chemical Rocket Propulsion Group, Working
Group on Thermochemistry. Proceedings of the Third
Meeting, Mar. 1965, Vol. I (In press) (Chemical Propulsion
Information Agency).
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VII, Preliminary Reports (Summary Technical Reports) on the

Thermodynamic Properties of Light-Element and Some Related Compounds

NBS Report No. Summary Technical Report No, Date of Report

Part A. Actual Publications

6297 1 1 January 1959

6484 2 1 July 1959

6645 3 1 January I960

6928 4 1 July I960

7093 5 1 January 1961

7192 6 1 July 1961

7437 7 1 January 1962

7587 8 1 July 1962

7796 9 1 January 1963

8033 10 1 July 1963

8186 11 1 January 1964

8504 12 1 July 1964

8628 13 1 January 1965

8919 14 1 July 1965

Part B, Projected Publications

(?) 15 1 January 1966
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APPENDIX IV

SUBSTANCE -PROPERTY INDEX FOR 1964

by Rachel M. Dudley, Catherine Nelson,
Joyce J. Grimes, and Donald D* Wagman

This Section presents a comprehensive bibliography and index of

abstracted and published papers on thermochemistry and chemical
thermodynamics for the period 1 December 1963 to 31 December 1964.

The Physical, Applied, and Organic Sections of Chemical Abstracts
were carefully searched for references to articles containing thermo-

dynamic data. In addition a number of journals were searched, issue

by issue, for such data. A listing of these journals is given on

page 82 of NBS Report 7796 (1 January, 1963).

The index provides a key to the properties and substances covered
by the bibliography. It lists by formula, the inorganic and organo-

metallic compounds arranged in the Standard Order of Arrangement based
on that used for the revision of Circular 500 by the Chemical Thermo-
dynamics Group at the National Bureau of Standards. (See Figure 1,)

If the structural formula of the organic portion of a metal-organic
compound is not clearly apparent, the name of the organic portion is

listed below the formula.

The state of the substance is indicated in the column "state".
(See Table I.) Listing of a particular substance is in the following
order: (not identified), solid, liquid, gas, amorphous, aqueous,
non-aqueous, adsorbed. The absence of a state designation implies
that the state is the same as that immediately preceding. However,
it must be noted that when the physical state cannot be determined
from the abstracted document, it is listed first with no state desig-
nation.

A code letter or series of letters is used to designate the pro-
perty, properties or types of measurement which have been made on the
substance in the article indicated by the reference number in the last
column. The properties to which the code letters refer are given in

Table 1.

The numbers in the last column of the Index refer to the citations
in the Bibliography. If the column entry is preceded by a letter, it

refers to a summary of current work in progress at various laboratorieSj
which has been published in the IUPAC Bulletin of Thermodynamics and
Thermochemistry, Number 8, 1965. Information regarding this Bulletin
may be obtained from Dr. Guy Waddington, Office of Critical Tables,
National Academy of Sciences, Washington, D.C.
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Table I

GLOSSARY OF SYMBOLS FOR SUBSTANCE-PROPERTY INDEX

Property Letter

a

b

h

i

j

k

1

m

P

q

r

s

Property Identification

Physical properties of pure substances: density,
refractive index, boiling point, freezing or

triple point.

Physical properties of condensed mixtures in-

cluding phase diagrams.

Pressure effects on condensed phases: com-
pressibility.

Critical state properties.

P-V-T data for gases including mixtures.

Equilibrium data for congruent phase changes:
vapor pressures, sublimation pressures.

Equilibrium data for non-congruer.t phase
changes: decomposition pressures.

Heat and entropy for phase changes: transi-
tion, fusion, vaporization.

Heats of chemical reactions.

Solution equilibria: activities, vapor
pressures over solutions including alloys,
solubility.

Heats of solution, mixing and dilution.

Chemical equilibria.

Electrochemical data.

t Heat content data and derived functions.

v Heat capacity data and derived functions.
1

w Thermal functions from statistical and
similar calculations.

Miscellaneous heat effects: adsorption,
radioactive decay.

Reviews, compilations.

y

z

Physical States: (c)crystal, solid
(liq) liquid
(g)gas
(amorph) amorphous

(aq)aqueous
(non-aq)non-aqueous, includes fused

salts, solid solutions
(ads)adsorbed

Listing of

first when
abstracted

states is in order of thermal
the particular physical state
document

.

stability. Substance is listed
cannot be determined from the
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SUBSTANCE-PROPERTY INDEX TO ABSTRACTS AND BIBLIOGRAPHY

SECTION II. INORGANIC SUBSTANCES

Substance State Prop. Ref.

1 - Oxygen

0 liq C-24
a 2462

2552
k 2323

g V 2153

w 1166

0+ g w 1166

°2 a D-2

j D-64
k C-8
m B-35

w D-64
liq a D- 14

g w 1166
w 2448

aq p 1057

ads V 2077

°2
+

g w 1166

0
2
-H

2
0 g p 2336

02~Sea H2 O g p 2336

02-Kr b D-14

02-Xe b D-14

02 -Pb g s 1201

02-Ag ads y 1577

02-Fe g p 1288

°3 n 1931

g w 1870

2 - Hydrogen

H c k 2333
liq a 2462

a 2465
ak 2158

j 2325

k 2323
k 2464

H
+

aq n 1063

h2 a D-2
a D-7
a D-64
a D-72

j D-2
k C-8
n A-50
s D-31

Substance State Prop. Ref.

h2 w A-70
c a 1882

hv 1633

k 2035
m B-41

p 1812

V 1412

HD c V 1529

d2 c mv 1182

h
2

liq a 1265

a 2552
m C-8

g hw 2400

j 1028

j 1645

j 2325

jv 2463
t 1710

V 1875

w 2406
aq r 1905

ads y C-l

y 1186

y 1821

D
2

liq k 2323

V 1182

ads y C-l

h2-o g p D-41

H2-He liq 1 1086

g 1 1086

H2 -Ne b D-28

H2 “Ar g q A-20

h2 -n2 bp D-54

j D-28

y C-30

g q A-20

h
2
-co

2
bp D-54

H2-CH4 j D-64

y C-30

g q A-20

h2" C 6H12 p D-49

H
2
-AgCl non-aq s 1643

H
2
-Ni liq p D-62

H2-Fe g p 1702

H2-Co liq p D-62

H
2
-Pd y D- 13
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Substance State Prop. Ref.

D2 "Pd y D-13

H
2
-Pd/Ag g p 1906

H
2
-Noble metal alloys p D-62

HO g n 1441

w 2448

H03 n 1931

h
2
o b D-69

n A-46
w D-34

c am 1688

k 2044
n 1603
w 1838

H20(sea) c V 1467

h
2
o Hq h 1277

i 1442

iv 1339

j 2039
k 1067
k 1479
k 1868
k 2332
n 2105

V 1478
V 2032
V 2148
iv 1343

w 1838

z 2192

g j B-10
a 2267

V 1478

w 2448
ads y C-38

d
2
o c k 2468

g t 2433

t
2
o liq a 1058

H20-H202 liq h 2264

h2 0-h2 s 04 aq q 1034

H20-C2H2 g r 1934

H20-porous glass c mv 1948

h
2
o
2

aq p 2072

h
2
o
2
-hf aq q 1120

h2 o2 -nh3-h2 o b 2473

h
3
o+ g W 2197

3 - Helium

He c a 1388

Substance State Prop. Ref.

He c V 2154
liq m C-8

k 2115

k 2117

V 2271
k 2410
k 2470
V 2509
k 2548

g bv 1869

z 2116
i 2470

He-H2 liq 1 1086

g 1 1086

He-Ar h D-67

He-F g V 1681

He-C4Hio hj D-66

He-CF4 h D-67

He-AlCl3 g V 1681

He 2-U g p 2319

4 - Neon

Ne w D-64
c k 2157

liq k 2157
k 2323

Ne-H
2

b D-28

Ne-D
2

b D-28

5 - Argon

Ar a D-2

w D-46
w D-64
z 2596

c V 2402
liq k 2323

g jt 1680

V 1877

w 2401

aq p 1057

Ar-H
2 j D-28

g q A-20

Ar-He h D-67

Ar-Kr liq n D-18

Ar-N
2 j D-28

k C-3

g q A-20

Ar-G02 n D-18
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Substance State Prop. Ref.

Ar-CH
4 g q A-20

l 1098

Ar-H20-C 2
H
5
0H g p 2305

6 - Krypton

Kr* W D-46
liq k 2323

g V 1877

Rr-rC^ b D-14

Kr-H2 0 g P 2156

Kr-Ar liq n D-18

7 - Xenon

Xe w D-46

y D-13
liq k 2323

g t 2133

Xe-02 b D-14

Xe-H
2
0 g P 2156

Xe0
3

c n 1756

g w 2427
aq r 1316

XeH04
"

aq r 1316

XeHOg aq r 1316

XeH2 °6 aq r 1316

XeH3 06
"

aq r 1316

9 - Fluorine

F c km 2510

F-He g V 1681

F
2 g n 1002

HF j D-16
liq k 2323

g h 1109

aq r 1159
r 2307

hf-h2 o q A- 11

c b 1295

g p 1513

hf-h
2
o
2

aq q 1120

hf«h2 o c a 1395

hf
2

"
aq V 1825

21f 'H2 0 c a 1395

3HT.H
2
0 c a 1395

Substance State Prop. Ref.

XeF2 g 1 1199

XeF
2
-H2 0 c P 1317

XeF4 g 1 1199

w 2326

XeF 6 c a 2149

10 - Chlorine

Cl liq k 2323

ci
2 g q 1631

CIO. c n 1403
liq 1 1760

g r 1760

C 102 —

H

2 O g p 2478

C102-aqH2 S04 g p 2478

C 1

0

2-aq CH3C 00H g p 2478

C102 -CC14 g p 2478

cio
2

“
aq V 1825

CIO3- aq V 1825

cio
4

aq n 1337

cio4
"

aq V 1825

HC1 q A-46
liq k 2323

g q 1631

t 1710

aq n 2557
prw 1648

q 1087

q 1120

q 1949

q 2172

S 1940

hci-h
2
o g q 2493

hci-as
2
o
5

aq n 2484

HCl-NaCl aq ps D-70

HC1 (g)-HBr (g)-MBr (liq) -M' Cl (liq) p A- 2 2

M,M' = (Li,Na,K,Mg,Ca)

DC1 aq s 1178

hcio2 liq 1 1760

HCIO4 c amv 1022

liq airrv 1022

amw 1460

aq n 2492

hcio4-ch3cooh liq n 2062

HCl-Ar g r 2486
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Substance State Prop. Ref. Substance State Prop. Ref.

HCl-Xe g r 2486 14 - Sulfur

G1F
3 c akn 2425 S c a 1464

g akn 2425 am *412
k 1599

11 - Bromine 1 J 550
amorph m B-16

Br liq k 2323
S-C,H, bp D-53

Br 9 aq q 1799 6 6
z S-C

7
H
8

bp D-53
Br2“c4HR°2 liq q 1179

D-53(1,4-dioxane) S-o-C
g
H10 bp

Br03 aq V 1825 S_C
10
H
8

bp D-53

HBr liq k 2323 s-(c
6
h
5
)
2

bp D-53

HBr*Ar g r 2486 S-CC1.
4

bp D-53

HBr'Xe g r 2486 s-cs
2

bp D-53

HBr-H
2
0 g q 2493 S systems b D-69

BrF
5

liq k 1761 S
2

g 1 1151

BrFg • UF
6 g h 1761 SO n A-56

so„ liq k 2323
12 - Iodine aq q 2285

I9 g t 1710 S0
2
-H

2
0 g p 1580

2
aq r 1097 p 2343

i2-h2 o c p 1591 S02 -(C 2
H
5 ) 2

0 j D-36

i 9-h9 so4-h2 o c p 1591 S0
2

systems liq b D-69

"fi^Sxane)
c q 1179 so2 -h2 o c n 1403

SO3 liq k 2323

i2"c4h8°2 c q 1179 S0,-CH,C00H liq n 2062
(1,4-dioxane)

SO, aq V 1825We p D-53
so" aq r 1073

i2-c 6h5f p D-53 V 1825

i2-c 6
f
5
h p D-53 S

2
0 z 1988

i
2
-(c 3h7 ) 2

s
2

n A-34 h
2
s liq k 2323

I2-(C4H9)
2
S n A-34 g r 1367

aq z 2192
10, aq V 1825

H9 S-C 9 Ha p D-7

1

HI liq k 2323

g t 1710 H
2
S " C

2
H
6 p D-71

aq p 1567 H
2
S-C

3
H
6 p D-7

1

ih
5
°
6

c nq 2084 hso4
“

aq r 1613
aq n 2084 r 1657

IC1 km C-19 H
2
S°4 aq n •4280

V B-23 r 1735

IBr 9

”
aq

aq

r

r

1097

1928
H
2
S0

4
-HN0

3
-H

2
0 liq b ^4*36

h9 so4-ch„cooh liq n . 2062
T
?
Br

9
aq r 1928

^ z H
2
S0

4 systems b >-69
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Substance State Prop. Ref.

sf 6 iiq k 2323

sf 6 g n A-36
w 1758

S
?
F
2

C km 1135
z z

liq km 1135

hso
3
f uq mnqv 1470

HS0
3
F-CH

3
C00H liq n 2062

sci
2 g w 1360

S
2
cl

2 g w 1360

S2^l2"^bCl2 b 2209

hso3c1 liq k 1329

m 1470

15 - Selenium

Se 1 014
c av 2177

mv 2176
liq km 1152

amorph m B-16

Se0
2

c km 2391

Se0
2
~Na20-H20 c P 2205

Se03 c km 2302

(Se03 ) 4 c mn 2302

SeH2 g n 2273

SeH
2
-TeH2 c n 1125

SeH0
4

"
aq s 2310

SeH
2
0
3
-707oH

2
S04 c q 1140

SeF,
6 g n A-36

Se4
N
4

n A-69

16 - Tellurium

Te V B-34
z D-52

c a 1116
a 1660

liq km 1152

aq s 1779

Te
2 g 1 1562

1 1632

Xe0
2

c km 1788
mn 1679

TeH
2 c n 1125

g n 2273

TeH2 -SeH2 c n 1125

Substance State Prop. Ref.

HpTeOci c n 1679

g 1m 1788

H2Te03 *H2
0 c n 1679

Te (0H) 4 c n 1679

[Te (OH) g]

**"

c n 1679

18 - Nitrogen

N c km 2510
liq k 2323

g t 1579

V 2153
w 1539

N-Fe/Si g p 1535

N-alloys g p 1541

n
2

a D-2
a D-7
k 08
m B-35
w A-70

liq a D- 14

g j 1325

j 1645

jv 2290
z 2381

aq p 1057

N
?
-H, bp D-54

j D-28

y 030
g q A-20

n
2
-h

2
o g p 2480

N2-Ar j D-28
k 03

g q A-20

n
2
-co

2
n D-18

n2-b p D-63

N
2
-Ni liq p D-62

N
2
-Co liq p D-62

N
2
~Fe alloys p D-62

g p 1701
2351

p
N
2
-aqMgS0

4 g p 2480

N2-aqCaCl 2 g p 2480

N2~aqNaCl g p 2480

N2-aqNa 2
S0

4 g p 2480

NO liq k 2323

g r 1051
r 1062
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Substance State Prop,. Ref.

NO-various salts-l^O g P 1351

no
2 j D-16

g r 1051
r 1062

no
2

"
aq V 1825

N0
3

"
aq V 1825

n
2
o liq k 2323

r 1932

n2°3"h2s04 C P 1731

N2°4 liq k 2323

N
2
O4-NOCI liq P 1733

nh2 g w 1169

nh
2

“
aq V 1825

NH^ liq k 2323
t 2275

g j 1189

j 1645

P 1522

V 187 7

w 1169
V 2007

ISIH
3

ads y C-38

nh
3
-h

2
o g r 1437

NH
3
-H202-H20 b 2473

NH3-KOH liq P 1335

NH
3

systems liq b D-69

NH^l^O c amv 1939

NH.
'

4
aq V 1825

N
2
H
4 g n 1554

w 1169

hno2 g r 1051
r 1062

HN°3 liq k 2324

g V 2153
aq lp 1652

r 1326
non-aq p 1827

HN0
3
-H

2
S04

-H
2
0 liq b 1156

HN0
3
-C

3
H
7
(no

2 ) liq a D-7

HN03-Zn(N03 ) 2
-1^0 liq b 1732

hno3-lino3 aq P 1903

DNO3 liq k 2071

nh4no3 c am 2087
nq 2074

non-aq am 2418

Substance State Prop. Ref

.

nh4no3
-(ch

3 )
2
so

2 P 2476

nf
3 g n A-50

N
2
F
4

liq ak 2005

NlfyF c h 1054

nf
2
h g w 1071

noci-n
2
o4 liq P 1733

nh
4
ci c a 1383

r 1996

NfyCl aq q B-44

NH4Cl-GaCl3 non-aq b 2538

nh
4
cio4 c a 1383

ncif4 o c In 1923

NBr02 g r 2175

Nl^Br c r 1996

S
4
N
4

n A-69

NSH3O3 nq A-46

NH4 *S 03NH2-(NH4 ) 2
S 04-aqNH3 P D-27

(NH4) 2
S0

3
-NH4HS03 P 2312

(nh4 ) 2
so4-h2 so4 c P 1574

(NH4 ) 2
S04-NH4 *S03NH2-aq nh

3 P D-27

(NH
4 ) 2

S
2
0
g
-
1^ S

0

4
-H

2
0 c P 1161

NSF
y

liq aik 2543

nsf
3
o
2 liq km 1967

ns 2f3
o
4

liq km 1967

hnf2 *so2 c 1 2183

19 - Phosphorus

P (white) n A-68

P03
'

aq r 1835

V 1825

PO4
"""

aq V 1825

P205-ZnO-BaO c b 1264

P
2
0
5
-Cd0 c b 2141

P203~Mg0-Ba0 c b 1264

P^-CaO-lLpO q A-68
liq V A-68

?2°7 aq r 1835

r 2038
V 1825

ph
3 g w 2007

PH3~carboxylic acids b D-7 7
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Substance State Prop. Ref. Substance State Prop. Ref.

hpo4
~"

aq r 1835 As203 n A-8

V B-46
H
2
P0

4
aq r 1835

g V B-46

H
3
P°3 aq n 2397 A s 2®3 - ^^>2®3 liq r 1919

H
3
P0

3
-CH3 0H liq r 1699 As203 n A-8

H
3
P 0

3
-Li2HP03-H20 c P 2045 as

2
o
5
-hci aq n 2484

H3P03-Na 2
HP0

3
-H

2
0 c P 2214 AsH3 g w 2007

H
3
P0

4
n A-6 HAs04 aq n 1949

V B-35 r 1835

HPo 07
"“

aq r 1104 H
2
As 0

4
aq n 1949

V 1825
HP3°10 aq r 1104

r 2266 H
3
As 0

3
aq n 1949

pf
3 g n 2080 H3As 04 aq n 1949

pf
5 g n A-36 AsF3 liq m 1784

w 1572 AsC1F2 liq r 1846

PC1
3

nrv B-35 ASCI 2 F liq r 1846

PCI5 n A-62 AsBro n A-8
mv B- 14 J

g V 1572 AsS c V 2434

P0C1 liq n A-68 21 - Antimony

POC1, c a 2534
3 Sb c a 1598

POCl
3
-AlCl3-TiCl4 c b 1155 k 1330

POCl
3
-TaCl

5
-TiCl4 c b 1155 Sb-In-Zn c P 1634

POCl 3
-NbC

5 -TiCl4 c b 1155 Sb-Cu c s 1719

pcif2 g w 2007 Sb
2
O3 V B-46

pci 2
f g w 2007 Sb203-As 203 liq r 1919

pci 3f 2 g w 1572 SbH
3

c n 1124

PBrF
2 g w 2007 g n 2273

PBr
2
F g w 2007 SbCl 2 -S 2Cl 2

b 2209

PBrCl 2 g V 2007 SbGl 3-BiCl3-PbCl 2
non-aq q 2503

PBr2Cl g W 2007 SbCl 5
_C 3Hg

O

2 n A-34

P4 S 10 V B-9 SbCl 5 -C5NH1102 n A-34

psci
3

liq n 1859 SbCl 5 -C 3
NF

3
H6 0 n A-34

(nh4 )h2po4 c a 1383 SbBr
3

c a 2522

20 - Arsenic
Sb 2 S 3

liq s 1024

Sb 2 Se 3 c k 2469

As c t 1710 Sb 2Te 3 non-aq s 2449

As-Pd c b 1103
22 - Bismuth

As4 c k 1052

g t 1710 Bi bs D-10
As 04 aq r 1835 m B-31
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Substance State Prop. Ref. Substance State Prep . Ref.

Bi c a 1278 S iO2-A 1 2 O3 ~ ^2 0
*-Al

2
03 .4Si02

2159V 1410 non-aq r

Bi/Al liq q 1671 Si02-Mg0-Al 2 03 p D-61

Bi2 03 c a 1789 SI02-Ca0-Mg0 p D-61

m 1526 Si03
"

c V 1825

BiCl3 liq i 1902 Si04
""“"

c V 1825

g i 1902 SiH
4

liq k 2378

Bi (III : halides aq r 1895 g w 1776

(Bi0)
2
Se03

nq A-79 Si
3
H
8

c

g

n

n

1124
2273

Bi 2 (Se 03 )

o

nq A-79
1427Si4Hio c a

Bi/Te liq s D-24 k 1850

Bi
2
Te 3

s D-24 Si
5Hi2 c a 1427

non-aq s 2449 SiH
4
0
4

aq z 2192

Bi2Te 3-Ag 2
Te c b 1292 Si

3
H
g
O liq km 1365

Bi 2 (Te03 ) 3
nq A-79 SiF g n 1890

Bi/Sb liq s 2570 SiF2 g n 1890

24 - Silicon SiF4 c kmv 2293
n 1683

SI m B-33 liq a 2293

p D-23 k 2323

c b 2389 SioFi n A-69
n 1061

g n 1843
n 2178

g i 1001 Si3F8 k C-35

amorph p 1716 n A-b9

Si-MnSi c b 2138 Si
4
F 10 k C-35

Si 2 g 1 1001 SIF6H2 *213H2 0 aq n 1061

SiO rl D-9 SiCl4 c k 1500

km 1128
SIU-(JuO-(JuU

2
non-aq b 1559

1 2344

Si02 c V B-34 liq km 1128

lr D-9 r 1080

a

a

1266

1829
SiCl4-SiHCl 3 g r 2390

n 1061 SiCl4-BBr3 c bp 1115

n

V
2027
1886

SiCl4-TiCl4 liq P 1262

y 2288 Si^Cl -^2 c ak 1650

non-aq
Z

V
1307

B-34
SiHCl

3-SiCl4 g r 2390

s 1525 SiBr
4

liq n 2178

Si02-H2 0 c p 2321 SiBr4~GeBr4 c b 1115

Si0
2
-Ge0

2
c b 1596 SIBr4-BBr3 c bp 1115

SI02-Pb0 non-aq s 1213 Sil4 c n 2178

s 1597 SiS 1 C-20

Si0
2
“B

2
0
3
-Mg0 non-aq b 1488 sin

3
h
3

liq akm 2102

sio2-ai2
o3 c b 1602
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Substance State Prop, Ref.State Prop. Ref.

SiN2F6H8 c nrv 1056
aq q 1056

Si 2 PH7 liq k 1969

Si/Bi b D-45

SIC n A-36
c tv 2057

g 1 1001

SiC
2 g w 1979

si2c g 1 1001

w 1979

ch3sih3 g w 1978

Si(C
2
H
5
) 4

n A-77

Si(C
2
H
5 ) 6 n A-77

si(c
6
H
5
) 4

n A-77

(CH
3 ) 2

SiO V B-46

(CH3 ) 2
Si(OCH

3 ) c r 1429

(C2 H5 ) 2
SiO V B-46

(CH3 ) 2Si(0CH3 ) 2
c r 1429

CH
3
Si(OCH3 ) 3 c r 1429

Si(0ClI
3 )4 liq r 1080

(ch
3 )

2
si(oc

2
h
5
)(och

3 ) c r 1429

CH3Si(OC 2 H5 ) COCH3 ) 2
c r 1429

(CH3 ) 2 Si(OC 2
H
5 ) 2

c r 1429

HSi(OC
2
H
5 ) 3 liq n 2588

ch
3
si(oc

2
h
5 )

2
(och

3 ) c r 1429

CH3 Si(OC 2 H5 )3 c r 1429

Si(OC
2
H
5 ) 4

liq n 2588
r 1080

(GH3 ) 3 S10S1H3 liq km 1365

(CH3 ) 3
S10Si(CH3 ) 3

n A-

8

liq n 1061

SiC 2F5
H
3

liq km 1893

(2, 2-dif luoroethyltrifluorosilane)

CH3 SiCl 3
c r 1429

CH3 SiCl3-CH3Si[N(CH3 ) 2 ] 3
c n 1429

(gh
3 )

2
sici

2
c r 1429

(CH3 ) 2
SiCl 2

-(CH
3 ) 2SilN(CH3 ) 2 ]

c n 1429

n A-

8

k 1500

a 1983

Substance

CH3SiCl 2
(OCH

3 ) c r 1429

(CH
3 ) 2 SiCl(OCH3 ) c r 1429

CH
3
SiCl(OCH

3 ) 2 c r 1429

(CH
3 ) 2

(CH
2
Br)SiH liq a 1983

(CH
3 )

2
SilN(CH

3 ) 2 ] 2
c r 1429

(CH3 ) 2
SiNH V B-46

(CH
3

) 2
Si[NCCH

3 )
2

] c r 1429

(CH
3 ) 2

Si[N(GH
3 ) 2

]-(CH
3 ) 2 S1C1 2

c n 1429

SiC
4
N
2
H
i4

(bisdlmethylaminosilane

(CH
3 ) 2

Si[N(CH
3 ) 2 ] 2

liq akin 2103

)

c r 1429

SiC,NoHiq liq akin 2103
(trisdimethylaminosilane)

CH
3
Si[N(GH3 ) 2 ]

3
c r 1429

CH
3
Si[N(CH

3 )
2

] 3
-CH

3
SiCl

3
c n 14 29

SiC
8
N4H24 liq akm 2103

(tetrakisdimethylaminos

[ (CH3 ) 3
Si]

2
NH

ilane)

r

n

1080

A-8

(CH
3 ) 2

Si(0CH
3
)[N(CH ) 2 ] c r 1429

CH3Si(0CH3 )
2
[N(CH3 ) 2 ] c r 1429

CH3 Si(OCH3)tN(CH3 ) 2 ] 2
c r 1429

CH
3
SiCl 2 [N(CH3 ) 2 ] c r 1429

(CH3 ) 2
SiCl[N(CH3 ) 2 ] c r 1429

CH3SiGl[N(CH3 ) 2 ] 2
c r 1429

Si
2
Cl 2 -2N(CH3 )

3
c 1 1651

Si 3C 8N2
Cl

2
H24 c r 2108

25 - Germanium

Ge t B-24
c b 2389

Ge-(H2 02 -HF) c q 1120

Gg O
2

c n 1121
amorph V B-2

Ge0
2
-H20 c p 2500

Ge0
2
-(H

2
0
2
-HF) c q 1120

Ge02-Si02 c b 1596

Ge0
2
-Na0H-H

2
0 c p 1658

GeH4 g w 1369

w 1776

(CH
3 ) 3

SiCl

(CH
3 )

2
(CHCl 2 )SiH liq

312



Substance State Prop. Ref. Substance State Prop.

GesHg c n 1124 26 - Tin

g n 2273
Sn k

Ge(OH)
2

c r 2528 m

GeF g n 1890 Sn/Te liq t

GeF
2 g n 1890 Sn/Al liq q

GeF.
4

n A-69 Sn/Tl liq 3

g n A-7
Sn/Cu liq q

GeF_ •

H

9 0 c r 1475
5 ^

SnO c rW
6

aq r 1798 z

GeCl^ c km 1128 SnOo c s
liq km 1128

SnFo liq km
GeGlA-BBr„ c b 1115

P 1115 SnCl
2

liq k
S w

GeBr4-SlBr4 c b 1115 non-aq • s

GeBr
4
~BBr

3
c b 1115 SnCl 2-TlCl liq s

GeH
3
I g w 1369 SnCl

2
-InCl liq s

GeH
2
I
2 g w 1369 SnCl^ n

GeS c V 2434 liq k

z 1009 SnCl
fi

"“
aq V

z 2200
Sn9Cl *2HC1 c k

Ge/S non-aq b 1293 1
-

Ge c z 2200
z.

SnS c a
GeSe c z 1009 z

GeTe c 1 1068 g r

lm 1358
z 1009 Sn/S c b

g lm 1358
SnSe c am

Ge (G
2
O
4. ) 3

aq s 2384 z

Ge(C2
H
5
) 4

liq n 1121 SnTe c n
n 1958 z

Ge (C
3
^7)4 liq n 1958 g 1

(C2H5 )
3
GeO n A-77

Sn/Te

'VJ

n
Ge(II):C 9 nH l 4 08 aq r 2228
(pyrogallolphthalein) Sn/Bi non-aq b

Ge (II) :C9nSHiaOq aq r 2228 Sn (CHg^ n

(catecholsulfonaphthalein) Sn(C
2
H
3 )4

n

GeSi2Hg c a 1427 Sn(C 2H5 ) 4 n

Ge S c a 1427 Sn (C
3
Hy ) 4

liq n

Ge s i4Hl2 c a 1427 Sn(C
4
Hg )4

n

Ge
2
S£Hg c a 1427 Sn(C

6
H
5
) 4

n

c n

Sn(C
6
H
5 )

6
n

313

Ref.

C-31
B-31

A-42

1671

A-26

1669

1301

1009

2028

2531

1616
2327
1712

A-26

A-26

A-10
2323

1825

1783

1825

1514
1009

1301

1514

1361

1009

1361

1009

1632

1358

A-42

1291

A-10

A-10

A-10

A-10

A-10

A-77
1959

A-77



Substance State Prop. Ref.

(CH
3 )

2
SnOH+ c r 1183

(CH
3 ) 2 Sn(OH) 2

c r 1183

[(CH3 ) 2
SnOH]

2

++
c r 1183

[(CH3 )
2
Sn]

2
(OH)

3

+
c r 1183

[(CH
3 )

2
Sn]

3
(0H)

4
4~t

'

c r 1183

[(CH
3
)
2
Sn]

4 ( 0H)
6

HHh
c r 1183

CH
3
SnCl

3
n A- 10

c a 1982

Sn(CH
3 ) 2

Cl
2

n A- 10

c a 1982

^2^5^n^^3 n A- 10

(CH
3 ) 2

SnCl n A- 10

(C
2
H
5
)
2
SnCl2 n A- 10

(C 2H5 ) 3
SnCl n A- 10

SnCl4
* (CH3 ) 2

CO c r 1955

SnCl4 *HCOOC 2
H
5

c r 1955

SnCl4 ‘ClCOOC 2H5 c r 1955

SnCl4 -C4HgO
( te trahydrofuran)

c r 1955

SnCl
4
*CH

3
COOC

2
H
5 c r 1955

SnC

I

4
• (C 2H5 ) 2

0 c r 1955

SnCl4 -CH3ClCOOC2H5 c r 1955

SnCl4 -CHCl 2COOC2H5 c r 1955

SnCl4 *CH3CH2COOC 2
H
5

c r 1955

SnCl^* (C 2
H^)

2
C03 c r 1955

SnCl4 *C
fi
H,

9 0 c r 1955
(dimethylte trahydrofuran)

CH
3
SnBr

3
c a 1982

Sn(CgH
3 ) 2

Br
2

c n 1959

Sn(C
6
H
5 ) 3Br c n 1959

(C
6
H
5
N
2

)
2
SnCl 6-HCl c P 1163

(p-ClC 6H4N2 ) 2
Sn0 Ig-HCl c P 1163

(3-C 10H7N2 ) 2
SnCl

6
-HCl c P 1163

SnCl4 *C 6N 2
H,0

2
( 2 -nitroani line)

non-aq r 2523

SnC

I

4 * CgN2 Hg 02
(3- nitroani line)

non-aq r 2523

SnCyCgNjjH^
(4-nitroaniline)

non-aq r 2523

SnC 14 *C
6
N
2
C 1 H

5
0
2

non-aq r 2523

( 2 - ch loro-4 -nitroani line)

Substance State Prop . _ P,el.

SnCl^'Cg^ClH^C^ non-aq r 2523
(4-chloro-2-nitroaniline)

SnCl4
- CgN

2
ClH

3
0
2 non-aq r 2523

(5 - chi oro- 2 -nitroani line)

SnCl4 ‘C
6
N
2
ClH

5
0
2 non-aq r 2523

( 6 - ch loro- 2 -nitroani line)

SnCl
4
*CgN

2
Cl

2
H/ 0

2
non-aq r 2523

(2,5-dichloro-4-nitroaniline)

SnCl4
, C

(
;N

2
Cl 2H402 non-aq r 2523

( 2 ,
6-dichloro-4-nitroaniline)

SnCl4 ' C 7N2 Hg02 non-aq r 2523
(2 -me thy 1-4- nitroani line)

SnCl4 *C 7N2Hg 02
non-aq r 2523

(4-me thy1-2 -nitroani line)

SnCl4 *C
7
N
2
Hg 0

2
non-aq r 2523

(4-me thy 1-3 -nitroani line)

SnCl4 'C
7
N2Hg02 non-aq r 2523

( 6 -me thy 1 - 2 -nitroani line)

SnC^’Cy^HgC^ non-aq r 2523

( 6-me thy1-3- nitroani line)

SnCl4*C^2N
2
H10°2 non-aq r 2523

(2-nitro-N-phenylaniline)

SnCl4 * C^2n 2
H10®2 non-aq r 2523

(4-nitro-N-phenylaniline)

(p-HOC
6
H4N2 ) 2

SnCl 6 -HCl c p 1163

(p- 02NC6
H
4
N
2 ) 2

SnCl 6-HCl c p 1163

(p-CH
3
OC 6H4N2 ) 2

SnCl
6
-HCl c p 1163

( 2-C 14H7 G2N2 ) 2
SnCl 6 -HCl c p 1163

(C
6
H
5
N
2 ) 2

SnBr
6
-HBr c p 1163

( 3-C10H7N2 ) 2
SnBr

6
-HBr c p 1163

SnBr4 *CgN 2Hg02 non-aq r 2520
(3- nitroani line)

SnBr4 'C 5N2Hg 02 non-aq r 2520
(4-nitroaniline) r 2523

SnBr4 ‘CyN2
Hg 0

2
non-aq r 2520

(2-methyl-4-nitroaniline) r 2523

SnBr4 'CyN2
Hg0

2
non-aq r 2520

(4-methyl-2-nitroaniline) r 2523

SnBr
4
*C 7 N2Hg 02

non-aq r 2520
(4-me thyl-3-nitroani line)

SnBr4 *C 7N 2
Hg 0

2
non-aq r 2520

(6-methyl-3-nitroaniline)

(p-0
2
NC

6
H
4
N
2 )

2
SnBr

6
-HBr c p 1163

(p-CH3OC 6
H4N 2 ) 2

SnBr
6
-HBr c p 1163
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Substance State Prop. Ref.

(2-C 14H7
0
2
N
2 )

2
SnBr6

- HBr c P 1163

(p-ClC
6
H4N2 ) 2

SnBr6-HCl c P 1163

SnBrA'C^N-pClHc- Oo non-aq r 2520
(3-chloro-4-nitroaniline)

27 - Lead

Pb m B-31

V B-5

c a 1278

a 1494

k 1029

t 1220

Pb** non-aq 3 1836

3 2549

Pb/S10
2

non-aq 3 1213

Pb/Al liq q 1671

Pb/Mg liq bp D-65

Pb/acld electrochem. storage cells
non-aq n 1381

PbO c a 1209
kmv 1469

3 1201
Z 1009

Pb/O c 8 1954

Pb0/Si0
2

non-aq S 1597

Pbo/v
2
o
5

c q 1848

Pb 3 o4
c S 1954

Pb(II) :OH" aq r 2459

PbF
2

s D-44

PbCl+ non-aq p 1203
s 1065

Pb(II) :C1“ aq r 2539
non-aq r 2097

PbCl
2

non-aq r 1664

s 1065

s 1192

s 2371
3 2488

PbCl
2
-H

2
0 c y 2297

PbCl
2
-TlCl-H

2
0 non-aq p 1517

PbCl 2
-KCl c b 2474

non-aq p 1385

PbCl 2
-RbCl c b 2474

PbCl
2
-CsCl c b 2474

Substance State Prop. Ref.

PbCl
4

"
non-aq r 1664

Pb (C104 ) 2 -alcohols c q 2568

PbFCl-CH
3
0H-H

2
0 c p 2049

PbFCl-C
2
H
5
0H-H

2
0 c p 2049

PbBr+ p D-22
non-aq S 1065

PbBr
2

non-aq 3 1065

PbFBr-CH
3
0H-H

2
0 c p 2049

PbFBr-C
2
H
5
0H-H

2
0 c p 2049

Pbl2 c km 1035

PbFI-CH
3
0H-H

2
0 c P 2049

PbFI-C 2H5 0H-H2 0 c P 2049

4PbF2 'PbI-CH3
0H-H

2
0 c P 2049

4PbF2 -PbI-C2H5 0H-H2 0 c P 2049

Pb(II) :halides aq r 1895

PbS c z 1009

PbS-H
2
S-H

2
0 c p 1353

PbS-PbSe c b 1449

PbS04 c z 1960

z 2192

PbS0
4
-Rb

2
S0

4
c b 1672

PbS0
4
-Rb

2
S04-Cs 2

S04 c b 1672

PbSe c P 1706
z 1009

PbSe-PbS c b 1449

PbSe03 c n 1247

PbTe n A-42
c k 1562

p 1706

z 1009

8 w 1358

PbTe-AgBiTe
2 c b 1292

Pb (N0
3 ) 2

aq n A-79

PbHP
3
0
1Q aq r 1379

Pb (II) :P2H2 05
" _

aq r 2306

Pb/Bi non-aq a 1278

p 2445
3 1310

Pb (CH3 ) 2
H
2 liq km 1600

Pb(CH
3 ) 3

H liq km 1600

Pb

(

ch
3 ) 4 nrv B-20
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Substance State Prop. Ref.

Pb(C
2
H
5 ) 4

nrv B-20

Pb(II) tG2
H4 02 c r 1974

(acetic acid) aq r 1078

r 2104

Pb(II) :C,H6 05 aq r 1208

(diglycolic acid)

Pb(II) :C
2
F
3
H0

2
c r 1842

(trlfluoroacetic acid)

Pb(II) iCoF c-HOo c r 1842
(pentaf luoropropionic acid)

Pb(II) :C4F 7
H0

2 c r 1842
(heptaf luorobutyric acid)

Pb (II) XCgNHgOg aq r 2269
(nitrilotriacetic acid)

Pb (II) :C 7NH11 O i
- aq r 1334

(aminoace tone -N^N-diace tic ac id)

Pb(II) :C 10N2Hlfi
Oo c nr 1635

(ethylenediaminetetraacetic acid)

Pb (II) :ChN 9H 1 r Or aq r 2308
(propy le nediamine te traace tic acid)

Pb(II) :C 14N9H9 ? 0o c nr 1635

(trans-l

.

2-diaminocvclohexane-N,N,N’,N'
tetraacetic acid)

Pb(II) : (C 10N2
H16O8 ) (GgNHgC^)

c r 1802

(ethylenediaminetetracetic acid ,
nitrilotri-

acetic acid)

(p-ClC
6
H
4
N
2 ) 2

PbCl
6
-HCl c P 1163

(3-G10H7
N
2 ) 2

PbCl 6-HCl c P 1163

(p-0
2
NC

6
H
4
N
2 ) 2

PbGl
6
-HCl c P 1163

(p-CH
3
OC

6
H4N2 ) 2

PbCl
6
-HCl c P 1163

PbC
5
NS

2
H11-H2 0 P 1416

Pb (II) ^Nc-SHr-aq dioxane r 2163

(2-amino-

6

mercaptopurine)

(09CCH2 S (CH2 ) 2
N (CH2C02)

2**"")

aq r 1816

Pb/Sn c bt 2581
non-aq V 1717

28 - Boron

B k C-31
z D-52

c n A-60

g i 1001

i 1173
i 1174

Substance State Prop. Ref.

b-n
2 P D-63

bo2
"

c V 1825

b
2
o
3

c V 1937

liq 1 1081
n 1198
n 1670
r 1096

V B-43

g 1 1081
w 1649

amorph 1 1081
n A-

7

V 2160
V B-34

V B-43

B 2 O3—H2 0 c p 1687

B
2
0
3
-Mg0-Si0

2
non-aq b 1488

B
2
Og-RbBC^ liq q A-72

B
2
0
3
-Cs

2
03 c b 2475

11
OPQ c V 1825

Bfy" c V 1825

B2h6 n A- 14
(diborane) g 1 1081

B
6
H
12

n A-43

liq ak 1966

k 1072

b10h14 g n 2273

b10h16 n A-43

bho2 c nq 1027

h
2
boh g In 1911

hb(oh) 2 g In 1911

b(oh) 3
c nq 1027

B2 (OH)4 c n A-9

B 3H3
o
3

c 1 1081

(boroxine) g 1 1081

(HOBO)

3

g n 1896

BF kn A-65

g nr 1899

bf
3

n A-60
c n 1818

g n A-36

p 1040

aq n 1090

bf
3
-h

2
o c q 1644

BFg-HF-^O c q 1644
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Substance State Prop. Ref.

BF4 *nH2 0 C a 1395

BF
5

c n 1818

BOF In 1198

BF
4
h
3
0-h

2
° c b 1395

BC13 c k 2044
r 1455

g n 1670

1 1081
r 1096

BCIO g r 1096

(boci)
3 g n 1670

b3c13°3
(trichloroboroxine)

g 1 1081

B4cl4°4 g 1 1081
(tetrachloroboroxine)

bhci
2 g w 1968

g 1 1081

B3C1 2H03 g 1 1081

BBr
3

c p 1115

liq p 1115

BBr
3
-SiCl

4 c b 1115

BBr
3
~SiBr

4 c b 1115

BBrg-GeC^ c b 1115

BBr
3
-GeBr4 c b 1115

BI3 c n A-9
a 2253

B
2
S
3

c m 1930

w 1649

BN t A-4
c n A-36

B3NH40g*4H2 0 c V 2111
liq V 2111

NH4BF4 c a 1383

HNF
2

* BF
^

c 1 2183

BC g 1 1001

CMOPQ

g 1 1001

b2c g 1 1001

b4c t A-4
V B-35

c n A-60
1 1173
1 1174

(CH
3 ) 3

B mv B-35

Substance State Prop. Ref.

(c
2
h
5 )

3
b mv B-35

bg 18h15
(triphenylboron)

c r 1455

B9C2
H
11

c a 1929

b9c3
h13 c a 1929

b9c4h15 c a 1929

b9c 8 h15 c a 1929

(ch
3
o)

3
b

(methyl borate)

nv B-35

c k 2044
liq r 1455

bc 18H15° c r 1455

bf
3
'Ch

3
f c r 1947

bf
3
*ch3 oh c a 2252

BF
3
*2CH

3
OH c a 2252

CH3 OH2
+BF4~ c a 2252

HBF4*2CH
3
OH c a 2252

HBF4 • 3CH30H c a 2252

BC4FH10 0 liq r 1040

BC
2
C 1H402 liq n 2106

bc3cih6
o
2 liq n 2106

BC4ClHg 02 liq n 2106

bf
3
*c

3
h
7
ci liq r 1947

BF3 *G4HgCl c r 1947

BC2S 2
H5 liq km 1844

bf
3

- (c
2
h
5 ) 2

s liq r 1040

g P 1040

bh3 - (ch3 ) 3
n mv B-20

c n 1090

C
6
H
18

BN mv B-20

bc
6
n3h18 liq r 1455

BC^NH^g c akm 2563
(l-aza~5-borotricyclo[3 ,3,3, 0]undecane)

B2C2N2H^4 liq k 1105

b
2
C
3
n
2
H16 liq k 1105

b2c4
N
2
H18 liq k 1105

b
2
c
5
n
2
h20 liq k 1105

b2c8n2h20 c k 1767

b2c 12n2h28 c k 1767

317



Substance State Prop. Ref. Substance State Prop. Ref.

b10C 6
N
2
H26 c a 1936 Al

2 03 t B-43

B
12

C
6
N
2
H
28 c a 1936

c

V
a

B-34
1290

b(oc2h4 ) n mv B-14 km 2472
(triethanolamine berate) c V 1021 1 1414

mv 1558 mq 2076
liq V 1558 s 2029

bc
6
NF

3
H15 liq r 1040

tv

V

2341
1754

BCI^C-j^NH^O non-aq r 2139 V 2240
(benzanilide) liq n 1670

BC
1
^

• C

i

4NH1 ^

0

non-aq r 2139 Al2®3“^2® c ny 1448
(N^N- d iphe nylacetamide

)

AI 2 1.O
2

c b 1602
BCl

2
*C^ 8N820° non-aq r 2139

AI
2
Og-Si02-K2 0*A1

2
0
3

•
14Si0

2
b10c 2

nsh17 c a 1936 non-aq r 2159

BC 0PNF_TLZ 3 b
c 1 1892 Al 2

C>3-9Pb0-3Cd0-4B
2 03 c mq 1636

BSi 8 1 1001 A

1

2
O
3-

CaOCu2 0 c b 1452

BSi2 g 1 1001 AF2®3“Fe 2®3 c V 1659

Si
2
BF

7
n A-69 Al203~Nb2

0
^

c b 1393

k 035 non-aq b 1489

SigBFg k 035 AI
2
O
3
—Ti2

0

^
c b 2050

BSiC g 1 1001 A1

2

0
3
—Sc

2 ^3 non-aq b 1332

29 - Aluminum
AF2®3-Ba2®3 c b 2140

A^Og-MgO c b 1602

A1
c

m
a

B-31
1787

AF2®3“^aO c b 1392

q 1008 Al2®3"^aF2 c b 2409

A1
W

non-aq s 2549 Al203~BaOCaO non-aq b 1331

Al-Bi liq q 1671 Al
2
0
3
-Na0H non-aq P 1692

Al-C-0 z D-52 Al
2 03-H2 0 c 1 2241

Al-Sn c q 1720 A1
2
0
3
*3H

2
0 n A-

7

liq q 1671 A1 (OH)

0

c y 1876
non-aq s 2161

Al-Pb liq q 1671
ai(oh)

3
-h

2
o c P 2482

ai-ai2
t
6 non-aq b 2544

aif2 g n 1935

AI-AIF3
a1F

3
k 028

1 031
1 031

Al-Al
2
Brg non-aq b 2544 c n A-36

Al-In liq q 1671 AlF
3
-LiF 1 031

Al-Tl liq q 1671 aif
6

“"
aq V 1825

Al-Zn liq q 1671 aici
3

c a 2534

Al-Cd
r 1775

liq q 1671

Al-fused cryolite c q 1533
AlCl

3
-He g V 1681

aio2
"

aq V 1825
AlCl

3
-POCl 3-TiCl4 c b 1155

AI2O3 t B-8
aici 3

-ch
3
cn c b 1430

A10C1 g n 1670
n 1962318



Substance State Prop. Ref. Substance State Prop. Ref.

AlBr g n A-

7

2A1C1
3
-3CH3CN c a 1430

AlBr
3

c r 17.75 ai(nh
2
conh

2 ) 6 (cio4 ) 3
c n 1819

A1
2
Br

6
c a 2544 C^NHgAl (S04 )

2
* 12H

2
0 c V 2396

Al2Br6-Al non-aq b 2544 Al(III) :Ci 6N2 S 2H12 0a aq r 2212

A12i6 2544
(2- (phenylazo)-l, 8-dihydroxy-3, 6-naphthalene-

c a disulfonic acid)

ai
2
i
6
-ai non-aq b 2544 Al2Si05 nb A-51

ai 2 (so4 ) 3
aq h 1328 c b

t

2056
1089

AIN k 020 V 1886
t B-40

AIPOa' 2Ho 0 V B-38
Al^S bn A-51

Al/Sn q A-4
aipci 6 c m 1155

c n A-

7

aici 3 *poci3 c a 1518 Z 3 2 3

a 2534 9A1 2 U3
* 2B

2
U
3

n A-7

m 1155 A1(BH
4 ) 3

liq n A-62

2A1C1
3
*3P0C1

3

ALAs

c a 1518

1370
30 - Gallium

c an

AlSb t B-24 Ga c km 2322

Al/Bi b D-45
m
t

1487
1710

a14C3 1 029 V 1446

t B-35 liq h D-13

V B-35 in 2239

c n 1553 Ga-Sn c q 1720
n 1668
n 2112 Ga-Mg liq s A-26

ai(c2
h
5 )

3
liq r 1884 Ga-n4 non-aq s 1615

g r 1884 Ga(0H) 3-H2 0 c P 2482

AlCC^Hg^ c kmn 2006
GaCl g t 1710

AI(III) :C4
h,o

5
(malic acid)

aq r 2359
GaCl 3 c a

P

2538
2482

Al(III) :C
5
H
g
0
7

aq r 2359 g t 1710

(trihydroxyglutaric acid)
GaCl 3

-NH4Cl non-aq b 2538

A1 (III):C.H
6
0
2

(catechol)
aq r 2168

GaCl3-TlCl non-aq b 2538

Al(III) :C 6H19 07 aq r 2359
GaCl 3-KCl non-aq b 2538

(gluconic acid) GaCl 3-CsCl non-aq b 2538

Al(III) :C 7H6 03 aq r 1075 GaBr2~C2H^Br c r 1053

(salicylic acid)
Gal g t 1710

ai(c
5
h
7
o
2 ) 3

(acetylace tona te

)

g n A-6 Gal
3 g t 1710

Al(III) :C9NH7
0 non-aq r 2547

GaS04 c p 2482

(8-quinolinol) Ga ( OH) S 0
4

c p 2482

Al(III)r(G 10N H16 08 ) (c6
nh9 o3 ) Ga/Te non-aq s 2283

c

(ethylenediaminete trace tic acid
r 1802

,
nitrilo-

NI^GaC^ c a 2538

triacetic acid)

A1C1 3
'CH

3
CN c a 1430
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Substance State Prop. Ref.

GaP c am 1520
In 1585

GaP0
4

c p 1141

GaAs t B-24

GaSb t B-24

c n 2369
non-aq s 2130

Ga(III) tCyH^
(salicylic acid)

aq r 1727

Ga (CH2CH3 ) ^
* S (CH3

)

2 Hq n 1762

Ga (III) tCySHgOg

(sulfosalicylic acid)
aq r 1728

Ga (CH=GH2 ) 3
• N (CH3

)

3
liq kmn 1762

Ga (CH
2
CH

3 ) 3
• N (CH3) 3

iiq kmn 1762

Ga(III) tCgNHyO

(8-quinolinol)
non-aq r 2547

Ga (III) :CNS“ aq r 2096

Ga(III) :C 16N,S 9 Hi 9 0r aq r 2212
(2- (phenylazo)-l,8-dihydroxy-3. 6-naphthalene-

disulfonic acid)

Ga garnets V B-26

31 - Indium

In c km 1505

s 1778

V 2394

In-Sb-Zn c P 1634

In-Sn c q 1720

In-Al liq q 1671

In-In
2
0
3

c b 1168

In-Tl liq bs A-26

In-Zn-Cd liq ps A-27

In-Gd liq ps A-27

In-Mg liq 3 A-26

In2°3 c 1 2069

In2 03-In c b 1168

In/Gl c km 1139

InCl-SnCl
2

liq s A-26

InCl
2

c km 1139

InCl3 c km 1139
liq km 1139

In
2
Cl

3 C a 1258

In4Cly C km 1139

Substance State Prop. Ref.

In(III) :halides aq r 1895

In
2
S
3

c a 1486

1 1507

1 1751

1 2567

In2 S3~ZnS 0^-H2 0 c P 1164

In2 ^3“CdS 04-H2 0 c P 1164

In2 S3~CuS 04-H2 0 c P 1164

InTe m B-33

In2Te n A-56

In2Te 3 m B-33

In2Te5 n A-56

InP c 1 1999
n 2001

In4 (P20y ) 3 c p 1016

InHP2 O7 c p 1016

InAs t B-24

c s 2342

InAs3Se 3
c b 1462

In/Sb s D-23

InSb t B-24

c a 1465
1 2471

In/Sb/Te non-aq b 1282

InBi n A-56

In/Bi s D-23
non-aq V 2429

In
2
Bi n A-56

In(III) :C9NHyO

(8-quinolinol)
non-aq r 2547

In (III) rCNS" aq r 2096

In/Sn non-aq b 1231

In/Sn/sb non-aq b 1219

In (III) tchrome azurol S aq r 2260

32 - Thallium

T1 c V 2244

Tl-Se liq s A-26

Tl-Sn liq s A-26

Tl-Al liq q 1671

Tl-In liq s A-26

T1
2
0
3

c 1 2069
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Substance State Prop. Ref.State Prop. Ref. Substance

T1 (III) J OH
-

aq s 2383 (ch
3 ) 2

ticio4 *c
6
h
5
coch2coch3

7-

T1G1 a D-15
C L

c a 1991 (CH
3 ) 2

T1C104'CH3 (C0CH2 ) 2
C0C 6

H5

a 2349 c r

non-aq
km

P

1611
1203

(C2H5 ) 2T1C1 O4 •

C

6
H5C0CH2C0CH3

c r

Tl(III) :Cl" aq n

r

2483
1972

(C
2
H
5 ) 2

T1G104' C?8 CCCX3H2 ) 2
cog

6
H5

c r

TlCl-SnCl
2 s A-26 (CH

3 )
2
T1C10

4
*C

6
H
5
C0CH2G0C 6

H
5

TlCl-aqPbCl2 P 1517 c r

TlCl-GaCl3 non-aq b 2538 (C2
H5 ) 2TIG 1 04 * CH

3
G 0GH2C0CH3

T1C1-KC1 b D-15
C r

TICl-RbCl b D-15
C6H5 (PCH3C 6H4

)T1C104. (CH
3
C0)

2
CH

2
c r

TICl-alkali nitrates b D-22 (c2
h
5 ) 2

ticio
4
-ch2 (coc6h5 )

2
ti2gi 2 8 In 1611 c r

ti 2ci3 c a 1991 (CH3 ) 2T1C104 ' (C 6
H
5
COGH2)

2
CO

TIBr p D-22
c r

Tl(III) :Br" aq n 2483
(G2

H
5)2T1C104’ (C

6
H
5
COCH

2 ) 2
CO

c r

TIBr-alkali nitrates b D-22
CG 6H5)2T1C104* G 6H5COCH2GOCH3

TlBr-NaBr b D-15 c V

TIBr-RbBr b D-15
C
6
H
5
(pCH

3
G 6H4)TlC104 *C

6
H
5
G0GH2C0CH3

c r

Til a D-15 (c6h5 > 2ticio4 *ch3 (coch2 ) 2
coc

6
h
5

Til-alkali nitrates b D-22 c r

T1(I03)-H2 0 c P 2458
C
6
H5 (pCH3C 6H4

)TlC104.C
6
H5 (C0CH2 ) 2

C0CH
3

c r

Tl(III) thalides aq r 1895
CC 6

H
5 ) 2

T1G10
4

- (C 6H5GO) 2CH2
Tl

2
S-GdS04-H

2
0 c P 1164 c r

Tl2S-CuS04-H2 0 c P 1164 C
6
H
5
(pCH3C 6

H4)T1C104 - (COC
6
H5 )

2

T1 (I) :S 2
o3

“"
aq r 2460

c r

TISe c k 2469
(C6H5 ) 2

T1C104 - (C
6
H
5
COGH

2 ) 2
CO

c r

Tl/Se iiq s A-26 C
6
H
5
(pCH3C 6H4

)TlC10
4

- (C
6
H
5
COCH

2 ) 2GO

Tl2 Se c k 2469 c r

Tl«S6o c k 2469 T1CN mv
^ J

Tl/Sb non-aq s 1026
(thallium cyanide)

uq s 2119 Tl(I):C
g
NH

7
0 non-aq r

Tl/Bl b D-32
(8-quinolinol)

T1B12 n A-56
((^2^5) 2TINO3 *(3R2 (COCIH3)

2 c r

(ch
3 ) 2

ticio
4
*ch

3
coch

2
cogh

3
n T* 1306

T1(I) :C10N2
H
1

O
g

aq r

(ethylenediaminetetraacetic acid)

CG2
H
5 ) 2

T1C10
4

• cr3coch2COCH3

JL

(c3h7 ) 2
tino

3
*ch

2 (coch3 ) 2 c r

C r 1306 (C2H5 ) 2
T1N0

3
• Gg^COCl^COC^

c r

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

1306

B-14

2547

1306

2041

1306

1306
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Substance State Prop. Ref.

(c
2
h
5 ) 2

tino3
* gh3CO(gh2co) 2

c
6
h
5

c r 1306

(C3
H
7 )

2
T1N0

3
-C 6H5C0CH2

C0CH
3

c r 1306

(C
3
H
7 ) 2

T1N0
3

• CH3CO(CH2GO) 2g 6h5
c r 1306

(C
2
H
5 ) 2

T1N03 *CH2 (C0G6H5)2
c r 1306

(G 2H5 ) 2
T1N03 * (C 6H5CO) 2

CH
2
CO

c r 1306

(C 3H7 ) 2
T1N0

3
- (C 6H5CO) 2

GH
2
c r 1306

(C
3
H
7 ) 2

T1N03 * (G6 H5COCH2 ) 2
GO

c r 1306

T1(I):SCN" aq r 2458

T1(0H):SCN“ aq r 2458

T1A1C1
4

c a 2349

GaTlCl
4 c a 2538

TlglnClg c b 1458

33 - Zinc

Zn m B-31

c a 1598

k 2314
n 1002

t 1220
non-aq s 2257

Zn-Pb ps D-62

Zn-Al liq q 1671

Zn-In-Sb c p 1634

Zn-In-Cd liq ps A-28

Zn-Sn ps D-62

Zn-Ce bp D-60

Zn-Mg liq s D-60
1 _ 1

Zn non-aq s 2549

ZnO c 1 1898
1 1976
1 2497

p 1866

ZnO-BaO-P
2 Ocj c b 1264

Zn(II) :0H” aq r 2335

ZnF 2 c D 1002

•^-ZnS non-aq b 1242

Substance State Prop. Ref.

Zn(II) :Cl" aq r 2315

ZnCl„ c mt 1055

liq k 1841

g klm 1049

z 1528
aq n 2557
non-aq s 2237

s 2276

ZnCl
2
-NH

3
-H

2
0 c p 1438

ZnCl 2
-KCl non-aq s 2132

ZnCl
2
-RbGl non-aq s 2132

ZnCl
2
0g-H

2
0 c b 1786

ZnC^Og'nf^O c a 1786

ZnBr
2

c amt 1055

g klm 1049

z 1528

Zn(II) : halides aq r 1895

ZnS t B-21

c i 1029

i 2550

ZnS-H2 0 r 1355

ZnS-HCl c nq 2126

ZnS-ZnF
2

non-aq b 1242

ZnS04 n A-39
V B-21

c i 1235

ZnS04 *nH20 c i 1987

Zn0 - 2ZnS 04 c i 1235

ZnSe c i 1029

i 2567

ZnSe03 *H2 0 c n 1998

ZnTe c i 1029

i 2567

Zn(N0
3 ) 2

-HN0
3
-H2 0 liq b 1732

Zn(II) :NH
2
0
-

c r 1255

(NH4 ) 2
Zn(S04 ) 2

c i 1985

(NH
4 ) 2

Zn(S04 ) 2
'6H

2
0 c i 1985

Zn(II):P
3
O10 aq r 2266

Zn 2P2 0y-H2 0 c p 2495

Zn2P207 ~f'd 2P2 0y c b 2141

Zn3 (P04 ) 2 -Gd 3 (P04 ) 2
c b 1263

Zn/Bi P D-62
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Substance State Prop. Ref.

ZnC204-NaCl-H20 c P 1423

ZnC 2 04-K2C04-H2 0 c P 1423

Zn(02^ ) 2
w D-25

Zn(II) ;C
2
H402

(acetic acid)
aq r 2104

Zn(II) :C4
H
6
0
6

(tartaric acid)
aq r

r

2216

2229

Zn(II) :C
5
H
8
0
2

(ace tylace tone)
ns A-18

Zn(II) :C
6
H
8
0t

(citric acid)
c r 1251

Zn(II) tC^HgOg
(tricarballylic acid)

c r 1251

Zn(II):C
7
H
6
0

(sal icyla ldeHyde)
aq r 2167

Zn(II) sC
7
H
6
0
3

(salicylic acid)
aq r 2167

Zn(II) :C
7
H
g
0
2

(salicylalcohol)
aq r 2167

Zn(II) :C9Hio 03
(e thyIsa 1 icy late)

aq r 2167

ZnC-|_
7
Hj50

8
-507odioxane r

(2-hydroxy-2 1

,4 ' ,4-trimethoxybenzil)
1725

Zn(CN) 4
"

aq n

n

1088

2492

Zn(II) :C2N2
H
g

(ethylenediamine)
c r 1630

Zn(II) :C4N3H13
(d ie thyle ne triamine

)

c r 1630

Zn(II) :C6N 2
H
g

(2 4“picolyIamine)

c r 1630

Zn(II) :CgN4H18
(trie thy lenetetramine)

c r 1630

Zn(II) :C 8N5 H23
(tetraethylenepentamine)

aq
1

r 2557

Zn(II) rCgNgH-^^ c r

(N-aminoe thy1-2- (2-aminoethyl) pyridine)
1630

Zn(II) :C
10
N
6
H28

(penten)
aq n 2558

ZndDiCj-HjHj,
(penten H1-

)

aq n 2558

Zn(II) :C 3N2H4
(imidazole)

aq r 1083

Zn(II) :C 14N4H18 c r 1630
(ethylenebis-o^a' -(2-aminoe thy 1) pyridine)

Substance State Prop. Ref,

Zn(II) :C2NH5
0
2

(glycine)

c n 1764

Zn(II) :C2N4H4
0
2

(urazine)

aq r 1496

Zn(II) :C3NH7
0
3

(serine)

aq r 2374

Zn(II) :C3N3H5 02
(urazole)

aq r 1496

Zn(II) :C4NHqOo aq

(o'-amino-P-hyaroxybutyric acid)
r 1418

Zn(II) :C
5
NH

i;l
0
3

(3-hydroxynorvaline)
aq r 1418

Zn(II) :G
5
NH11 03

(
3-hydroxyva 1 ine

)

aq r 1418

Zn(II) :C cN
3
H3 06

(5-nitroorotic acid)

c r 1228

ZnCgNHgOg
(nitrilotriacetate)

aq n 2553

Zn(II) :C 6NH9 06
(nitrilotriacetic acid)

aq r 2269

Zn(II) :G
6
NH

13
03

(3-hydroxy leucine)
aq r 1418

Zn(II) :G 6NH13 03
(3- hydroxynor leucine)

aq r 1418

Zn(C
3
NH

6
0
2
“)

2
-nH2 0

(o'-alanine)

c n 1764

Zn(II) :C
7
NH

7
0
2

(salicylamide)
aq r 2167

Zn(II) :C
7
NH

1 ;l

0
5

aq

(aminoace tone -N^N- diace tic acid)

r 1334

Zn(II) :G8N2H12 0 c r

(N-hydroxyethyl- (2-aminoethyl) pyridine)
1630

l

Zn(C4NHg 02
")

2
-nH

2
0

(n-aminobutyrate)
c n 1764

Zn(II) :C 9
NH

11
0
3

(phenylserine)
aq r 1418

Zn(II):C 10NH17 04 aq

(hexylaminediacetic acid)

r 2554

Zn(II) :C 10N2H16 Og c

(ethylenediamine tetracetic acid)

nr
i

1635

Zn(II):C NHU0

(salicylanilide j

aq r 2167

Zn(II) :C 13N4
H12 0

(diphenylcarbazone)
non-aq r 2593

Zn(II) t C 2
^8 ^

(trans-1 . 2-diaminocvclohexane-N
f

nr

, N,N 1

,

N

1

l&>5

tetracetic acid)
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Substance State Prop. Ref.

Zn(II) :C 14N3Hl4 02 aq dioxane r 1840

Zn(II)
: (C 10N2

H
16

O
g ) (CgNHgOg)

c

(ethylenediaminetetracetic acid
acetic acid)

r 1802

,
nitrilotri-

Zn(II) :G
9
NH

7
0-H

2
0

(8-quinolinol)
c P 1417

ZnCl
2
*C

6
NCl

2
H
5

(2,3-dichloroaniline)
non-aq r 2521

ZnCl 2
*C

6
NCl

2
H
5

(2,4-dichloroaniline)
non-aq r 2521

ZnCl 2
'C 6NCl 2

H5
(2,5-dichloroaniline)

non-aq r 2521

[N(CH
3 ) 4 ] 2

ZnCl4-H2 0 c nq 1093

Zn(II) JC]_2N3G1H^o aq dioxane
(3-hydroxy-3- (p-chlorophenyl)-l-

r 1839
-phenyl triazeni

[N(C
2
H
5 ) 4 ] 2

ZnCl
4
-H

2
0 c nq 1093

ZnCl 2 *GyN2Hg 02 non-aq
(2-methyl-4~nitroaniline)

r 2521

Zn(II) :G 12N3
C1H10 0

(3-hydroxy-3-phenyl-l-o
c r 1975
-chlorophenyltriazene)

ZnBr2'CgNBrHg
(4-bromoaniline)

non-aq r 2521

[(CH3 ) 4N] 2ZnBr4 q A- 15

ZnC 16N2 Br4
H40 q A- 15

Zn(II) :C 5N2
BrH

3
0
4

(5-bromoBrotic acid)
c r 1228

ZnBr3 *Gg|

N
2
Hg 0

2
(3-nitroaniline)

non-aq r 2521

ZnBr
2

* C5N
2
Hg0

2
(4-nitroaniline)

non-aq r 2521

ZnBr2 • CyN
2
Hg0

2
non-aq

(4-methyl- 3-nitroaniline)
r 2521

ZnCl 2 *G 6
NBrH

6
(4-bromoaniline)

non-aq r 2521

ZnBr2 * GgNCl2H3
(2,5-dichloroaniline)

non-aq r 2521

Zn(II) :C5N
2
IH

3
0
4

(5-iodoBrotic acid)

c r 1228

Znl2 *CgN2 Hg02
(4-nitroaniline)

non-aq r 2521

ZnI
2
'CyN

2
Hg0

2
non-aq

(4-me thy 1-3-nitroani line)
r 2521

Zn (CNS )

2

aq r 1389

ZnC5NS
2
H-Q-H

2
0 P 1416

Substance State Prop. Ref.

Zn(II) :C
3
N
3
SH

3
aq dioxane

(2-amino-6-mercapte purine)
r 2163

Zn(H ) :CgN3 SHg aq
(°‘(2-thiazolylazo) phenol)

r 2134

Zn(II) :C^
3
N
4
SH^

2 non-aq
(dithizone)

r 2593

Zn(II) :G^
5
N
4
SH^g non-aq

(di-o -tolylthiacarbazone)
r 2593

Zn(II) :C^
3
N4SH^g non-aq

(di-p- tolylthiacarbazone)
r 2593

Zn(II) :CqyN4SH20 non-aq
(di-m-xylylthiacarbazone)

r 2593

Zn(II) !C 2 lN4SH^g non-aq
(di- 1-naphthylthiacarbazone)

r 2593

Zn(II) ?C 2 qN4SHp 5 non-aq
(di-2-naphthylthiacarbazone)

r 2593

Zn(II) :G 12N3
SH

11
04 aq r 2121

(3-hydroxy-3-phenyl-l- (p-sulf ophenyl)triazene)

Zn(II) :C 16N2
SHj, 0

2 aq r
(8- (p- toluene sulfonamide) quinoline)

1745

Zn(II) :G^QAsH^p 04 aq r 2554

Zn(II) rsubst . ethylenediamines nr A-15

Zn/Sn liq s D-24

Zn/Pb non-aq qt 1220

Zn/Al non-aq p 2421

Zn/Tl/Sn non-aq p 1318

Zn/Tl/In non-aq p 1318

34 - Cadmium

Cd c a 1304
k 2314
m 1055
V 1446

Cd"^ non-aq s 2549

Cd-Al liq q 1671

Gd-In liq ps A-27

Cd-In-Zn liq ps A-27

GdO q A-7

1

t B-40
c r 1300

Cd0-P
2
0
5

c b 2141

Cd(II) :0H" aq r 2377

CdF
2

1 C-35
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Substance State Prop. RefState Prop. Ref.

CdGl g r 2551

GdCl+ aq P 2408

non-aq P 1203

s 1065

Cd(II) :C1" non-aq s 1435

CdCl
2

c a 1795

g lmw 1003

r 2551

z 1528
non-aq s 1065

r 1664

CdCl2-H20 s 2165

s 2517

CdCl 2 -CH3OH s 2165

CdCl 2-aqCH3OH s 2165

s 2517

GdCl
2
-C

2
H
5
OH s 2165

CdCl
2
-aqC

2
H
5
OH s 2517

s 2165

CdCl
2
-NH

4
N0

3
-H

2
0 aq s 1677

CdCl
2
-KCl liq q A-59

CdCl 0-KCl-NaCl c b 1831
z

non-aq bs 1498

CdCl4
" _

non-aq r 1664

CdBr+ P D-22
non-aq s 1065

Cd(II) :Br” non-aq r 2098

CdBr2 c 2L 1795

3 2284

g Z 1528
non-aq s 1065

Cd/I non-aq s 1144

Cdl2 c a 1794
a 1980
s 2000
s 2284

Cd(II) :halides aq r 1895

GdS q A-71
t B-40

c 1 1029
1 2550
r 1300

CdS-HCl c nq 2126

CdS04 n A-39
aq h 1328

by D-37

CdSe 1 C-14
c 1 1029

1 2567

Substance

CdTe t B-40

c 1

1

1029

2567

Cd(P04 ) 2
-Zn3 (P04 ) 2

c b 1263

Cd(II) :P3 O10 aq r 2266

Cd2P2C>7-H
2
0 c p 2495

0(12^2 ^7 “^n2^2 ^7 c b 2141

Cd(II) :PH
2
0
2

"
aq r 2306

Cd(II) :P2H2 05

""
aq r 2306

Cd3As2 c 1 1052

Cd-Bi ps D-62

CdC
2
0
4
-NaCl-H

2
0 c P 1429

CdC2°4
“K

2
C04"H2 0 c P 1423

Cd(II) :C
2
H4 02 aq r 2104

Cd(II) :C 3
H404 aq r 2453

(ma Ionic acid) r 2455

Cd (II) :C4H6 0
(tartaric acid)

aq r 2216

r 2229

Cd (C
3
Hy0

2 ) 2 (ace tylace tonate) ns A- 18

Cd(II) :G6 H80?
(citric acid;

c r 1251

Cd (C^yH^gOg) -50% dioxane r 1725

(2-hydroxy-2 r

,4
1 ^4-trimethoxybenzil)

Cd(CN) 2
-H

2
0 c p 1888

Gd(II) :C
2
N
2
H
g

(ethylenediamine)
c r 1630

Cd(II) :C4N3H3
(diethylene triamine)

c r 1630

Cd(II) :C
6
N
2
H
g

(2-picolylamine)
c r 1630

Cd(II) :C,N4H18 c

(triethylenetetramine)
r 1630

Cd(II) :C9N3H15 c r 1630

(N-aminoe thy1-2- (2-aminoe thy 1) pyridine)

Cd(II) :C 14N4Hlg c r 1630

(e thylene b is-cy, a;' -(2-aminoe thy 1) pyridine)

Cd(II) :CrN
3
H
3
0
6

(5-nitroorotic acid)
c r 1228

Cd (II) :C
6
NH9 06

(nitrilotriacetic acid)
aq r 2269

Cd(II) :C 7NH-i -I 0S aq r 1334

(aminoacetone-N,N-diacetic acid)

Cd (II) :C8N2H12 0 c r 1630

(N-hydroxyethyl- (2 -aminoe thy 1) pyridine)
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Substance State Prop. Ref.

Cd(II) :C 10NH17 04 aq r 2554

(C6Hi1N(CH2COOH)2)

Cd(II) :C 10N2H16 O8 c nr 1635

(ethylenediaminetetracetic acid)

Cd(II) :C 11 N o H18 0q aq r 2308

(propylenediaminetetraacetic ac id)

Cd (II) :CuN 2H99 08 c nr 1635

(1 , 2-diaminocyclohexane'-N,N,N'

,

N' -tetracetic
acid)

Cd(II) :C-] nN9 H-|
fi
08 ) (CgNHqOg)

c r 1802

(ethylenediaminetetracetic acid) (nitrilotri-
acetic acid)

Cd(II) :C
5
N
2 BrH 304 c r 1228

(5-bromoBrotic acid)

Cd(II) :C AN9 IH3 04
c r 1228

(5-iodoBrotic acid)

Cd(II) :SCN“ aq r 1748

Gd(SCN) 2
"H

2
0 c p 1888

Cd(II) :CNS" aq r 2096

Cd (CNS )

2

aq V 1389

Cd(II) :CN SH
4

(thiourea;
aq p 1146

Cd(II) :C qNoSHo aq r 2134
(°- (2-thiazolylazo)phenol)

Cd(II) :C 10AsH11 O4
aq r 2554

CdSi03 c a 1973

Cd
2
Si04 c a 1973

a 2431

Cd/Sn non-aq ps D-62

Cd/Pb non-aq ps D-62

Cd/Tl non-aq p 2419

Cd/Zn non-aq p 2314

Cd/Zn/Pb non-aq bs D-24

35 - Mercury

Hg c a 1878
n 1485

V 2244
liq h D-13

ik 1107

Hg (II) non-aq s 1134
s 2549

Hg-Zn c s 1111

Hg-Cd c s 1111

Hg
2

non-aq s 1836

Substance State Prop. Ref.

“H”
Hg 2 aq rs 1927

HgCl aq n 1041

HgCl
2

aq n 1041
n 2492

HgClj-sys terns b D-69

Hg
2
Cl2 c s 2195

HgBr aq n 1041

HgBr
2

aq n 1041

n 2492

Hg
2
Br

2
aq s 1774

HgBrCl c r 1912

g w 1979

Hgl aq n 1041

Hg (II) :I
_
-Na2S

2
0
3 aq r 2135

Hgl2 c n 1041

aq n 1041
n 2492

non-aq r 2286

HgICl c r 1912

HgIBr c r 1912

g w 1979

HgS k A-79
c 1 1029

1 2550

aq r 1352

HgS 2

'“
aq r 1352

HgS
2
H" aq r 1352

HgS
2
H
2

aq r 1352

Hgl
2

"

S

2
0
3

aq r 2135

HgSe g k A-79
c 1 1029

km 1445

HgTe c 1 1029

1 2566
1 2567

Hg(NH3 ) 2
^

aq r 1924

Hg/Bi bs D-10

HgC 2 04-NaCl-H20 c p 1423

HgC2°4"K2C04“H2
0 c p 1423

HgC 6H5
+ aq r 1925

Hg(II)C 2
H402 c r 1974

(acetic acid)

Hg(II) :C
5
Hg0

2
-CH3 0H- 0CMX ns A-18

(ace ty lace tone)
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Substance State Prop. Ref Substance State Prop, Ref.

Hg (I) :C 8Hg02
(s-methoxyanisole)

aq r 1925

Hg
2
(CH

3
COO), non-aq s 2591

Hg
2
CC

2
H
3
02 ) 2

(acetate)

c s 1092

CH3HgCl aq r 2301

CH
3
HgBr aq r 2301

CH3HgI aq r 2301

CH3HgS03 aq r 2301

HgCN c k 1176

Hg(II) :CN
-

aq r 1134

Hg(II) :C 10N2H16 O8 c

(ethylenediaminetetracetic acid)
nr 1635

Hg(ll) :[(h2
n)

2
gnh]

2 aq r 1924

Hg(I):C 6H5NH2 aq r 1926

Hg(II) :C
6
H
5
NH

2
aq r 1927

Hg(CN)
2
(G

6
H
9
N)

2
c pr 1319

Hg (II) :C 10NHU 04 aq r 2554

Hg(II):C 14N2H22 08 c

(trans-1 ,2-diaminocyclohexane-N,
cetic acid)

nr

r
N,N* ,N 1

1635

-tetra-

Hg(II>(C
1oN2H16 08 )(G 6

NH
9
03 )

c r 1802

(ethylenediaminetetracetic acid) (nitrilotr ia-
cetic acid)

Hg(CNO)
2
(C

6
H
7
N) 2 c Pr 1319

HgCNCl aq r 1684
non-aq r 1601

HgCNBr aq r 1684

non-aq r 1601

HgCNI aq r 1684
non-aq r 1601

CH3HgSCN aq r 2301

Hg(SCN) 2 (C6H7N) 2
c pr 1319

HgC4N 2
SH402

-2H2 0

(thiobarbiturate)
aq r 1823

Hg(II) :C 10AsHn 04
(c 6

h
5
as(gh2cooh) 2

aq r 2554

HgGa 2Cl 8 c a 2268

Hg/ln / non-aq s

b

1778

2352

Hg/Cd-Hg/Au q A-23

Hg/Zn-Hg/Cu q A-23

Hg/Zn-Hg/Au q A-23

36 - Copper

Cu p C-13

C a 2345

V 1446

V 1633

V 1834

V 1851

liq km 1994

Cu-H2 0 c b 1807

Cu-Sb c s 1719

Cu-Bi/Pb b D-45

Cu-Sn liq q 1669

Cu-Ni q A-56
liq q 1669

Cu-Fe q A-56

Cu
+ non-aq s 1836

s 2549

Cu++ non-aq s 2549

CuO c 1 1559

Cu0-Cu02-Si02 non-aq b 1559

CuO-Cu
2
0~A 1

2 03
c b 1452

GuO-MgO non-aq b 1485

Cu0
2
-Cu0-Si02

non-aq b 1559

Cu 2 0 c 1 1200

Cu
2
0-Cu0-Al 2 02 c b 1452

Cu (II) :0H" aq r 2208

Cu (II) :H
2
0 c r 1363

Cu ( OH) 2
c n 1889

Cu(oh)
2
-h

2
o c P 2452

P 2482

Cu(oh) 2 *h2 o-h2
o c P 2452

CuCI c z 1806

liq n A-58

Cu (II) :C1" aq r 1205

CuCl+ non-aq r 1824

CuCl 2
c 1 2078

aq n 2557

CuC1
2
-HC1-H2 0 c P 1354

CuC1
2
-T1C1 c b 1673

CuCl 2-AgCl c b 1673

CuCl 3 non-aq r 1824

Cu3Cl 3 c 1 2078
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Substance State Prop. Ref.

Cu (C10
3 ) 2

aq r 1568

Cu(C10
4 ) 2

-HC104-H2 0 c P 1354

Cu(OH) K5 (C1O
3 ) 0 5

-h
2
0 c P 1568

3Cu(0H) 2 *CuC1 2
c z 1806

CuBr aq r 1736

CuBr
2

c 1 1070
1 2499

aq r 1736

Cu(Br0
3 ) 2 aq r 1589

Cu2
(0H)

3
Br0

3
c P 1589

Cul c m 2585

V 2586

CuI-AgI c m 2585

V 2586

Cul
2

non-aq r 2286

GuS c i 1599

CuS04 n A-39
V B-21

aq r 1436

CuS04 *nH2 0 c i 1986

CuS04 *2Cu(0H) 2 c p 2452

Cu
2Se c p 1706

CuSe04 *5H2 0 aq nq 1386

Cu2Te c P 1706

Cu (N03 ) 2 '3H2
0 c n 1889

Cu(II) :NH3 aq r 2231

Cu(II) :NH
2
0“ c r 1255

Cu (NH4 ) 2C14 -2H20 c ar 1191

V 2428

(NH
4 )

2
Cu(S0

4 ) 2 -nH2 0 c i 1985

Cu(II) :P3
010 aq r 2266

CuHP0
3
-H

2
0 c p 1734

CuHP03 -2H2 0-H2 0 c p 1703

Cu(II) :PH202
"

aq r 2306

Cu (II) :P
2
H
2
0
5

""
aq r 2306

Cu (HP0
3 )

2

aq r 1734

CuHP0
3
*3NH

3 c i 1808

Cu(nh4 ) 4
hpo

3
c i 1808

Cu(HC02 ) 2 V B-25

Cu(HC02 )
2
*4H2 0 c r 1476

Cu(II):C2H4
0 aq r 2104

(acetic acid) r 2173

Substance State Prop. Ref.

Cu (II) :C 2
H
403

(glycolic acid)
aq r 2173

Cu(II) :CH
3
C0C0

2
H aq r 2362

Cu (II) :C
2
H
5
C0

2
H aq r 2362

Cu(II) :CH3CH(0H)C02H aq r 2362

Cu(II) :C4H6 06
(tartaric acid)

aq r 2173

Cu (II) :C4 H9COOH aq r 2362

Cu(II):C 6
H 0

(tricarballylic acid)

c r 1251

Cu(II):C
6
H
§
0.

(citric acid)
c r 1251

Cu (II) :C 7
H
6
0
2

(salicyladehyde)
aq r 2167

Cu(II) :C
7
H
6
0
3

(salicylic acid)
aq r 2167

Cu (II) :C
7
H
g
0

(salicylalconol)
aq r 2167

CuC
7
H
10

0++

(me thacry 1 o ylace tone

)

non-aq p 1810

Cu(II) :C
9
H10°3

(ethyl sal icylate)

aq r 2167

Cu(II) aq dioxane
(2-hydroxy-2

'

1 ,4-trimethoxyb
r

enzil)
1725

Cu2
(H) :C

6Hg 07
(tricarballylic acid)

c r 1251

Cu
2
(II) :C 6

H8 07

(citric acid)
c r 1251

Cu(II) :C
2
N
2
H
g

(ethylenediamine)
c r 1630

Cu (II) :G3
N
?
H4

(imidazole)
aq r 1083

Cu (II) :C3N2
H
4

(pyrazole)
aq r 2506

Cu(II) :C3N2 Hg
( 1 ,

3-d iaminopropane)
c r 1630

Cu(II) :C4N2H6
(N-me thy 1 imidazole)

aq r 2506

Cu(II):C
4
N
2
H12 aq r 2485

Cu(II):C
4
N
3
H13

(die thy le ne triamine

)

c r 1630

Cu(II) :C5NH5
(pyridine)

aq r 2174

Cu(II) :C
5
N3H9 c r 1314

(histamine) aq r 2506
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Substance State Prop. Ref.

Cu(II) tC 6N2H8
( o-pheny^ene iam£ne )

aq r 1590

Cu(II) :C6N2
H
g

c r 1630

(2-picolylamine) aq r 2127

Cu(II):C 6N2H16 aq r 1593
(N, N- die thylened famine) r 2226

r 2227

Cu(II):C
6
N4H18

(trie thylenetetramine)
c r 1630

Cu (II) :C 7N2H10 c r 1630

(2- (2-aminoe thy1) pyridine)

Cu(II) rCoNrHoo aq r 2557

(tetraethylenepentamine)

Cu(II) :C
g
N
3
H

(N-aminoethyl-2- (2-aminc

c r 1630

sethyl) -pyridine)

CuCioN6H2 8
++

(penten)
aq n 2558

cuCi0n6
h
2 o

:^'

(penten in*)

aq r 2558

CuGN(C6
H7 N) 2

(picoline)

c pr 1319

Gu(II):C 14NAH1R c r 1630

(ethylenebis-Q',a,r - (2-aminoe thy 1) -pyridine)

Cu(II) :C
2
NH

5
0
2

(glycine)
aq nr 2187

Cu (II) :C
2
NH

7
0

(ethanolamine)
aq r 1356

Cu(II) :C3NH7 02
(sarcosine)

aq nr 2187

Cu (II) :C3NH7
C>
3

(serine)
aq r 2374

Cu(II)
: (C2H40 ) (G

2
NH

5
0
2
)aq

(glycollic acid) (glycine)
r 1690

Cu(II) :C4NHq02 aq nr 2187
(o'-aminoisobutyric acid)

Cu (II) :C4NH9 03 aq nr 2187
(threonine) r 1418

Cu (II) :C4N2Hg 03
(glycylgiycine)

c r 1314

Cu(C
2
NH

4
0
2 ) 2

*nH
2
0

(glycinate)
c n 1764

Cu (II) :C 5
NH

1
i 03

(
3-hydroxyva line)

aq r 1418

Cu(II) :C
5
NH

11
0
3

(3-hydroxynorvaline)
aq r 1418

Cu (II) rCgNHj^jOg

(2-methyl threonine)
aq r 1418

Substance State Prop. Ref.

Cu(II):(C3N2H4)(C 9
H
4
0
?
)

(imidazole) (acetic acid)
aq r 2506

Cu (II) : (C 2NH5
0
2 ) (C

3
NH

7
0
2 ) aq

(glycine) (alanine)
r 1678

Cu(II) :C,N
2
H14 0 aq r

(N- (P-hydroxyethyl) 1
,
3-diaminopropane

)

2224

Cu(II) i(C5N3H9 ) (OH")

(histamine)

c r 1314

CuCNHOg"
(nitrilotriacetate)

aq n 2553

Cu(II) :C 6
NH

9
0
6

(nitrilotriacetic acid)

aq r 2269

Cu(C
3
NH

6
0
2 ) 2

-nH
2
0

([3-alanine)

c n 1764

Cu (II) :C
6
NH

13
CL

(3-hydroxyleucine)
aq r 1418

Cu (II) :C6NH13 03
(3-hydroxynorleucine)

aq r 1418

Cu (II) :C6NH13 07
(D-glucosaminic acid)

aq r 2248

Cu(C
3
NH 0

2 ) 2
-nH

2
0

(ff-alanine)

c n 1764

[Cu(OH) (C
6
N
2
H
1 5)] n

(N,N' -diethylenediamine)
aq r 1593

Cu (II) :C 6n3
h
9
o
2

(histidine)

c

aq

r

r

1314
2506

Cu (II) :C 7NH5 0
( sal icy 1 nitrile)

aq r 2167

Cu(II) :C
7
NH7 0

(salicylald oxime
aq r 2167

Cu (II) :C 7NH7
0
2

(salicylamide)
aq r 2167

Cu(II) :C 7NH7 03
(salicylhydroxamic acid)

aq r 2167

Cu(II) :C 7 NH9 0
(aalicylamine)

aq r 2167

Cu(II) :C
7
NH11 05

aq
(aminoacetone-NjN-dia-cetic ac

r
id)

1334

Ctx(II) :C 7NH14 03
(2-methyl-3-hydroxyleuci

aq
.ne)

r 1418

Cu(II) :C
7
N
2
H
g
O

(salicylaldazone)
aq r 2167

Cu (II) :C 7N2Hg O

(salicylamidoxime )

aq r 2167

Cu (II) :C 7 N2H8 02
(salicyloylhydrazide)

aq r 2167
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Substance State Prop. Ref. Substance State Prop. Ref.

GuC
8
NHy0

3
-13 organic solvents

(resacetophenone oxime)
P 1826 Cu(c 9

nh6 o) 2
-h2 o

(8-quinolinol)
c p 1417

Cu(II) :CgNHqO aq

(N-methyliminesalicylaldehyde)
r 2167 Cu(II) :G 18N4

H3o01 2
aq

( trie thy lenetetraminehexaace tic

r

acid)
2218

Cu(II) :C 8N2
H12 0 c

(N-hydroxyethyl- (2-aminoethyl)'
r

-pyridi
1630

ne)

Cu(c 10
nh

10
o)

2
-h

2
o

(2 -methyl- 8-quinolinol)
c p 1417

Cu(C4NH8 02 )2 c

(a-aminobu tyrat e

)

n 1764 Cu(c
16
nh

12
o)

2
-h

2
o

(5-benzyl-8-quinolinol)
c p 1417

Cu (C4NHg02) 2 ' nH
2
0 c

(0-aminobutyrate)
n 1764 CU2 (II) : (C^NgHg) ^ (OH")

_

(histamine)
^ 2

c r 1314

Cu(II)(C 2
N
2
H
8
)(C 6

NH
9
06 ) aq r 1695 fN(CH3 ) 4 ] 2

CuCl
4
-H

2
0 c nq 1093

(ethylenediamlne) (nitrilotriacetic ac id)
[n(c 2h5 ) 4 ] 2

CuC1
4
-h

2
o c nq 1093

(Ju (Uj aq r
(phenylserine)

Cu(II) :C-^QNH^yO^ aq r

(hexylamine-N,N-diacetic acid)

Cu(II) :C 10n 2
H16°8 c nr

(ethylenediaminetetracetic acid)

[Cu(CgN2H^20)2"H] + aq n

(2-amino-2-methyl-3-butanone oxime)

Cu (II) :CuN
?
H18 08

(propylenedlami net

CuCC 6
NH

6 06) 2
aq

(nitrilotriacetate)

aq r

Jtetraacetic acid)

1418

2554

1635

1904

2308

2553

Cu(H) :Ci2N3ClH9 0 aq dioxane r 1839

(3- hydroxy- 3- (p-chlorophenyl)-l-phenyltriazene

Cu(II) :C 12N3C1H 10 0 c r 1975

(3-hydroxy-3-phenyl-l-o-chlorophenyltriazene)

[(C
2
H
5

) 4
N]

2
CuBr4

Cu(H) ;C5N
2
BrH30

4
(5-bromobrotic acid)

Cul
2 *^12^2^12

(benzidine)

CuI
2
-2(C

12
N
2
H 1 2)

(benzidine)

Cu (II) :C
5
N
2
IH

3
0
4

(5-iodobrotic acid)
Cu(II) :(C2N

2
H
8
)(C

10
N2H

16
O
8 )

aq r 1695

(ethylenetiamine)fethylenediaminetetraacetic acid) Cu(CNS)2 aq

A-15

1228

2363

2363

1228

1389

[Cu(C 6N 9
Hu 0) 9

-H]+ aq n 1904 CuC
5
-ns

2
h
1

1

h
2
o c p 1416

(2-methylamino-2-methyl-3-butanone oxime) (diethyldithiocarbamate)

Cu(II) :C 12N6H16
0
3

c

(histydlhistidine)
r 1314 Cu (II) :C qNoSHR aq r 2134

(0- (2-thiazolylazo)phenol)

Cu(II) :C 13NH. 1
0 aq r 2167 Cu(SCN) 2

*C^NH9 c p 2363

(salicylanil) (toluidine;

Cu(II) :C 13NH1102
aq

(salicylanilide;
r 2167 CuSCN(C

6
H7N)

2
(picoline)

c pr 1319

Cu(II) :C 14N2H22 08 c nr 1635 Cu(scn)
2

, c,
2
n
2
h12

(benzidine;
c p 2363

(trans-1 , 2-diaminocyclohexane -N,N,N',N' -

tetracetic acid)
cu(scn) 2 *c 12n2h12
(m,m‘ -diaminobiphenyl)

c p 2363
Cu(II) rC-^NgHi 4 02 aq dioxane r 1840
(3-hydroxy-3-phenyl-l- (p-acetylphenyl)

-

triazene)
Cu(SCN)

2
*C 13N2Hi2

(diaminof luorene)
c p 2363

Cu(II) :(C 6NH7 ) 2
(CNO) 2 c

(picoline)
pr 1319

Cu(SCN)
2
*2(C

7
NH9 )

(toluidine)

c p 2363

Cu (II) : (Ci 0N2H16 O8 ) (C 8
NHg03 )

c

(ethylenediaminetetracetic ac
r 1802

id) (nitrilotri-

Cu(SCN) 2 ‘2(C 12N2H12 )

(benzidine)

c p 2363

acetic acid)
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Substance State Prop. Ref.

Cu(SCN) 9 *2(C 19N9H19 ) c P 2363
(, 0 - 0 ' -diaminobiphenyl)

Cu(II) :(C
2
NH

5
0
2
)(C

7
SH

6 0.) aq
(glycine) (5-sulfosalicylic acid

r

)

1378

Cu (II) :HO
?
CCH

?
S(CH

? ) 9
n(ch

2
cooh)

2
1816aq r

Gu (II) :C
10
NS

2
H
7
O

(3 _ (p_ carboxypheny 1)

aq
-rhodanine)

r 1588

Cu (II) :C 12N ?
SH

11
04 aq r 2121

(3-hydroxy-3-phenyl- 1- (p-sulfophenyl)-
triazene)

Cu (I) :C-] qAsH-|
i
0, aq r 2554

(c6h5
as(ch

2
cooh)

2 )

Cu (II) :C inAsHn ,04 aq r 2554
(c 6h5

as(ch
2
cooi0

2 )

CuC
3
gAs

2
C I4H35 aq q 1046

Cu(II) :C 19AsC1H1404 aq r 2554

(P-C1C 6
H
4
As (C^Cl^COOH)

2 )

Cu(II) :subst . ethylenediamines nr A-15

Cu/Sn c ps 1855

non-aq b 1280

Cu/Sn/S non-aq b 1516

Cu/Pb/Bi b D-45

4T1C1.CuC1
2

c a 1673

3T1C1- fCuCl
2

c a 1673

Cu/Hg-Zn/Hg q A-23

37 - Silver

Ag bp D-23
k C-31

c a 1598
a 2334
a 2345
k 2020
k 2414
km 1610

liq km 1994
km 2166

Ag-Bi
2
Te

3
c P 1718

Ag-Sn liq q A-37

Ag-Pb liq n A-42

Ag-AgCI non-aq s 1642

Ag-Mn liq p D-61

Ag-Na
2
0-B

2
0g-NaCl p D-74

Substance State Prop. Ref.

Ag+ non-aq s 1836
s 2549

Ag02 c mr 1581

Ag
2
0
3

aq s 1064

AgOH aq p 2555

AgCl a D-15
c n 1069

s 2195
non-aq s 1007

Ag (I) :C1" non-aq r 1066

AgCl-CuCl2 c b 1673

AgCl-NaCl c b A-12
liq q A-33

AgCl-NaCl-PbCl 2 non-aq S 1694

AgCl-KCl non-aq p 1879

AgCl
2

"

p D-22

Ag
2
Cl+ p D-22

AgC10
4

c q 2592

AgBr c p 2524
non-aq pq 1005

s 1007

Ag (I) rBr" c r 2524

AgBr-RbBr non-aq P 1385

Agl c am 2034
m 2585

non-aq pqs 1005

Agl-Cul c m 2585
V 2586

Agl2 non-aq r 1327

Ag
3
I
4

non-aq r 1327

Agl/H
2 aq s 1567

Ag
2
S0

4
aq nq A-46

AgS04
"

non-aq P 1203

Ag 2
Se c P 1706

Ag2
Te c P 1706

Ag2Te-Bi2Te3 c b 1292

AgN02 bi D-22
c n 1386

aq n 1471

AgN0
3
-(CH

3 )
2
S0

2 p 2476

AgN0
3
-LiN0

3
i D-22

AgN03-NaN03 i D-22
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Substance State Prop. Ref.

AgN03-KN03 b D-8

i D-22

Ag(I) :NH
2
0- c r 1255

Ag/Sb s D-23
c s 1010

AgBiTe
2

c a 1292

AgBiTe
2
-FbTe c b 1292

AgG104 .G
6
H
8
0
2

1 C-7

nrv B-14
c h D-26

AgCN aq r 2549

AgC 2N 9HR
+
-C ? Hs OH aq s 1707

(e thy 1ene d iami ne

)

Ag(CH
3
NH

2
)
2

aq r 2356

Ag(C
2
H
5
NH

2
)
2

aq r 2356

Ag(I):C
3
N
2
H
4

(imidazole)
aq r 1083

Ag(II):C
5
NH

5
(pyridine)

nr A- 15

Ag(II):C
6
NH

15
(triethylamine)

aq nq A-15

AgC
7
NH

9
+
-C 2%OH aq s 1707

(o-toluidine)

AgC
7
NH

9

+
-G

2
H5 OH aq s 1707

(m-toluidine)

AgC 7 NH9
+
-C 2H5 OH aq s 1707

(p-toluidine)

AgGN(C
6
H.N)

(aniline)
c pr 1319

AgCgNHn-C
2
H
5
OH

(2,4-xylidine)
aq s 1707

Ag(I) :C
4
N
2
H
7

(N-me thy 1imidazole

)

aq r 1083

Ag (I) :C 3NHq O aq r 2555
(mono-2 -hydroxypropylamine)

Ag(I) :C
fi
NH

1 s
09 aq r 2555

(d i

-

2 -hydroxypropy land ne)

AgCNO(C
6 H7 N)

(aniline)
c Pr 1319

Ag (I) :C 9NH91 03 aq r 2555
(tri- 2-hydroxypropylamine)

Ag(I):C 10
NH 04

(ani line -N^N- diace tic
aq r 2554

acid)

Ag (I) :C 2qN2H24 02 aq r 1456
(quinine)

(AgCNO)
2
(G

6
H
7
N) 3

c pr 1319

Substance State Prop . Ref,

Ag(I) :CN
2
SH

4~aq dioxane r 2249
(thiourea)

Ag(I) :GoN„SH
fi
-aq dioxane r 2249

(ethylene thiourea)

AgC
7
N
2
SH

7
c Pr 1319

Ag(I) :C-j 3
N
9
SH, n-aq dioxane r 2249

(phenylene thiourea)

Ag(I):(C
6
H
5 ) 2

PH15 02 aq r 2554

Ag (I) :C i nAsH-] i
O4 aq r 2554

(c
6
h
5
as(ch

2
cooh)

2 )

Ag(I):C lsAsHls 09 aq r 2554
((c

6
h
5 ) 2asCh2ch2cooh)

Ag(I) rC^AsGlH^.O,, aq r 2554
(p-ClC6H4As(CH2C5H2GOOH) 2

Ag/Sn s D-23

Ag/Al/Pb non-aq b 1741

Ag/ln non-aq s 1025

s 1201

A§3InC1 6
c b 1458

Ag/Cd non-aq P 1304

AgCl.CuCl 2 c a 1673

Ag/Cu/Al non-aq b 1249

38 - Gold

Au y B-33

c a 1598
a 2334
a 2345
V 1313

V 1406

V 2243

Au-Sn liq q A-37
t A-42

AuCl-ZnCl
2

c r 1122

AuCl-NaCl-KCl c r 1122

AuBr-NaBr-KBr c r 1122

Au (I) :CN
2
SH

4
aq s 1398

(thiourea)

AuAl 2 c V 1150

AuGa
2

c V 1150

Auln
2

c V 1150

Au/Cd c p 2527
liq p 2527

Au/Hg-Zn/Hg q A- 2”.
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Substance State Prop. Ref. Substance State Prop. Ref.

Au/Hg-Hg/Cd q A-23 Ni(II) :N0
3

"
aq r 2595

Au/Hg-Mg/Hg q A-23 Ni(N03 ) 2
c n 1481

AuCu
3

c m 1548 Ni(N0
3 ) 2

-6H
2
0 c n 1140

w 1830 n 1889

Ni(II) :NH9 0
-

c r 1255
39 - Nickel

Ni(NH
3 ) 6Cl2

c V 1885

Ni k
m

C-31
B-33

Ni(NH
3 )

6
Br

2
c V 1885

p C-13 Ni(NH
3
) 6

I
2

c V 1885

g m 1048
(NH

/|

),Ni(S04 ) 9 'nH9 0 c 1 1985

Nl-Sn liq q A-37 Ni(II) :P
2
0
7 aq r 1104

Ni-Cu liq q 1669 Ni(II):P
3
0
10 aq r 1104

Ni-Fe q A-56 r 2266

Ni(II) aq r 1215 Ni (II) tP
2
H
2
0
5

"“
aq r 2306

Ni44
-

non-aq s 2549 NiHP301Q aq r 1379

NiO c s 1175 Ni/Sb non-aq n 1480

Ni0-Nb
2
0
5

non-aq b 1489 Ni (GO)
4 g w 1646

N10H+ aq r 1215 Ni(II) :C 2H4 09 aq r 2104

r 2181 (acetic acid)

Ni (OH)
2

aq r 1565 Ni (II) :C
4
H
6
0 aq r 2216

Ni(0H)
2
*H

2
0 c n 1889

(tartaric acid)

NiF i C-35
Ni(II) :C

6
H
§
0

(tricarballylic acid)

c r 1251

N1F
2

c

n

km
A-36
2109

Hl(II):C
6
^o

(citric acid)
c r 1251

Ni(II) :C1“ non-aq r 1824
Ni(II):C

7
H
6
0
2

aq r 2167
NiCl

2
aq n 2557 (salicylaldehyde)
non-aq s 2295 Ni(II):C 7

H6 03 aq r 2167
NiGl2

-FeGl
2
-H

2
0 c p 1499 (salicylic acid)

NiCl
2
-NaCl-PbCl

2
non-aq s 1371 Ni (II) :C

7
H
8
0
2

aq r 2167

NiCl
2
*6H

2
0 V B-25

(salicylalcohol)

NiS c V 2434
Ni(II):C

$
H10 03

(e thy Isa 1 icylate)

aq r 2167

NiS
2

c 1 1768
NiC-r 7 Hi r 0,--aq dioxane r 1725

Ni3 S 2 c V 2434 (2-hydroxy-2
'
,4 r ,4-trimethoxybenzil)

NiS04 n A-39 Ni(CN) 4
""

aq n 2492

aq
V
h

B-21
1328

Ni(II) :C
2
N
2
Hg

(ethylenediamine)
c r 1630

NiS04 'nH2 0 c i

i

1015

1987
Ni (II) :C

3
n
9
h
4

(imidazole;
aq nr

r

A-79
1083

NiS04 *6H2 0 c V 1047
Ni (II) :C

3
N
2
H
4 aq r 2506

NiS0
4
*7H

2
0-aq H2 S04 c q 1140 (pyrazole)

NiSe0
3
*2H2 0 c nq 1140 Ni(ii) :G, n

2
h
6

aq r 2506

amorph n 1481 (N-me t hy 1 imidazole)

333



Substance Substance State Prop. Ref.State Prop. Ref.

Ni(II) :C4N3H13
(die thylene trxamine

)

c r 1630 Ni (II) :C,n
3
h
3
o
6

(5-nitro8rotic acid)
c r 1228

Ni(II) :C
5
N H

9
(histamine;

aq r 2506 Ni (II) :C N
3
H 0

4
(5-aminoorotlc acid)

c r 1228

Ni(II):C
6
N
2
H

(2-picolylamine)
c r 1630 NiC

6
NH,0

6

"

(nitrilotriacetate)
aq n 2553

Ni(II) :G.n
4
il

8
(triethylenetetramine)

c r 1630 Ni(II) :C
6
NH9 06

(nitrilotriacetic acid)
aq r 2269

Ni(II):C
7
N
2
H

(2- (2-aminoe t nyl) pyridi
c

ne)

r 1630 Ni(C 3NH6 09 )„-nH2 0
(P-alanine)

c n 1764

Ni(CN)
2
*NH

3
*C

6
H
6

Ni (II) ;C8N5 H23

liq

aq

kn

r

2250

2557

Ni(C NH,0
2
)
2
-nH

2
0

(o'-alanine)

c n 1764

(tetraethylenepentamine) Ni (II) :C
6
NH130

(3-hydroxyleucine)
aq r 1418

Ni(CN)/CH NH„-C 6 H, liq kn 2250

Ni(II) :C 9N3H15 c r
(N-aminoe thy1-2- (2-aminoe thy1) pyridine)

1630
Ni(II) :C

6
NH

13
0
3

(3-hydroxynorleucine)
aq r 1418

Ni(CN)
2
*C

2
H
5
NH

2
*C

6
H
6

liq kn 2250
Ni(II>(C

6
N
2
H10O2 ) n aq r 1014

NiCioN6H28
4+

(penten)
aq n 2558

Ni(II) :C
6
N
3
H
9
0

(histidine)

aq r 2506

NiCl0N6
H29

+++

(penten In')

aq n 2558
Ni (II) :C 7NH7 02
(salicylamide)

aq r 2167

Ni (CN)
2

•

G

3H7NH2 •

G

6H6 liq kn 2250
Ni(II) :C

7
NH

14
0
3

aq

(2-methyl-3-hyaroxyleucine)
r 1418

Ni(CN)
2
-C

4
H9NH2-C 6

H
6 liq kn 2250 Ni(II):(C 7N2

H12 02 ) n aq r 1014

Ni(CN)
2
-CH

3
(CH

2 ) 4
NH

2
*G

6
:H NH2
liq kn 2250

NiCgNH
7
0
3
~13 organic solvents

(resacetophenone oxime)
P 1826

Ni(II) :C 14N4H18 C r 1630
(ethylenebis-a,Q,, “ (2-aminoe thyl) pyridine)

Ni(II) :CgN
2
H,

2
0 c r

(N-hydroxye thyl-(2-aminoe thyl) pyr id ine

)

1630

Ni(CN)
2
*CH3 (CH2 ) 4

NH
2

* (CH
3 ) 2C 6

H4
liq kn 2250

NiCgN^ ,0
4
*nH2 0

(o'-amnobutyrate)
c n 1764

Ni(II) :C
2
NH

5
0
2

(glycine)
aq r 1033 NiCgN

z
H
16

04:nH20
(3-ammobutyrate)

c n 1764

Ni(II) :CoN4H402
(urazine)

aq r 1496
Ni (II) :C

9
NH11 03

(phenylserine)
aq r 1418

Ni (II) :C,N_H 0

(urazole;
aq r 1496

Ni (II) :C 10NH7 O2
(l-nitroso-2-naphthol)

aq r 2451

Ni (II) :C
4
NH

9
0
3

(threonine)
aq r 1418

Ni(II) :C 10NH17 O4 aq r

(hexylamine-N.N-diacetic acid)

2554

Ni(ll):(c4N2H8
o
2 ) n aq r 1014

Ni(II)jC 10N2H8 04 aq r 1014

Ni(C
2
NH

4
0
2
)
2
’nH

2
0

(glycinate)
c n 1764

Ni(II):C 10N2H16 Og c

(ethylenediaminetetracetic ac

nr

id)

1635

Ni(II) :C
5
NH

i:l
0
3

(3-hydroxyvaline)
aq r 1418

[Ni(C
5
N
2
H12 0) 2

-H]+ aq

(2-amino-2-methyl-3-butanone
n

oxime)

1904

Ni (II) :C
5
NHn0

3
(3-hydroxynorvaline)

aq r 1418
[Ni(C 6N2H14 0) 2

-H]+ aq n 1904

(2-methylamino-2-methyl-3-butanone oxime)

Ni (II) rC N^O
(imidazole acetic acid)

aq r 2506
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Substance State Prop, Ref. Substance State Prop. Ref.

Ni(II) :C13NH1102
(sa 1 icylani 1 ide ;

aq r 2167

Ni(II) :C i3N4H12 0
(diphenylcarbazone)

non-aq r 2593

Ni(II):C14N2H2208 c nr
(trans- 1 . 2-aiaminocvc lohexane-N t N T

N

'

1635

',N»-

tetracetic acid)

Ni (ii) :

(

c10n2h16
o
8 ) (c

6
nh

9
o
3 )

c r 1802
(ethylenediaminetetracetic acid) (nitrilotri-

acetic acid)

[N1(C8N2H18 0) 2
-H]+ aq n 1904

(2-n-propylamino-2-methyl-3-butanone oxime)

Ni(II) :C
13
N^SH12 non-aq r

(dithizone)

Ni(II) :C 15
N4SH 16

non-aq r

(di-o-tolylthiacarbazone)

Ni(II) rC^^N^SH^g non-aq r

(di-p-tolylthiacarbazone)

Ni(II) :G
17
N^SH

2 o non-aq r

(di-m-xylylthiacarbazone)

Ni(II) :C21N^SH16 non-aq r

(di-l-naphthylthiacarbazone)

Ni(II) fC 2 qN4.SH]_ 8 non-aq r

(di-2-naphthylthiacarbazone)

Ni(II) :C^2N
3
^hh 04 aq r

(3-hydroxy-3-phenyl-l- (p-sulf ophenyl)

Ni(II) :C
6
H
5
As(CH

2
COOH)

2
aq r

NiC38As 2
Cl4H 36 aq q

Ni(II) :C
14

N H
14

0
2

aq r 1840
(3~hydroxy-3-phenyl-l- (p-acetylphenyl)-triazene)

rNi(C 7
N4H16 0) 2

-H]+ aq n. 1904
(2-ethylamino-2-methyl-3-butanone oxime)

Ni(II) ; Ci oNaH-dqOi 9 aq r 2218 Ni(II) tsubst. ethylenediamines

(trie thy lenetetraminehexaace tic acid) Ni/Si

[N(CH
3 )4 ] 2

NiCl4-H20 c nq 1093 non-aq

Ni(II) :Ci2N„ClHin aa r 1839

( 3-hydroxy-3- (p-chlorophenyl)-l--phenyl triazene) Ni
2
Si04 c

[N(C2H5 )4 ] 2
NiCl4-H2 0

1 c nq 1093 Ni/Al

NiCl 2 *2Cl ft
Hs

0
?
N-H? 0 c P 2361

Ni/Zn non-aq
Ni (II) :C 12N3C1H10 0 c r 1975

(3- hydroxy- 3-phenyl- l-o -chlorophenyltriazene) Ni/Cd non-aq

NiCl2-2C
fi
H^0N 9-H 9 0 c p 2361

Ni/Hg
NiC

16
N
2
Br

4
H40 q A- 15

Ni/Cu non-aq
Ni (II) :C 5N 2

BrH
3
0
4 c r 1228

(5-bromoBrotic acid) Ni/Cu/S non-aq

NiBr2*2C6H5
0
2
N-H

20 c p 2361 Ni/Ag/Al

NiBr
2
-2C

6
H6 ON 2

-H2 0 c p 2361 Ni./Au non-aq

NiBr
2
*4C

8
H
8
0N

2
-H20 c p 2361 40 - Cobalt

Ni(II) :C sN ?
IH9 0/|

c r 1228

(5-iodoBrotic acid) Co

NiI 9 '2C fi
Hs 09N-H9 0 c p 2361

c

Co-Ni
NiI 9 ’2C AHA 0N 9 -H9 0 c p 2361

Co-Fe
Ni (II) :SCN“ aq r 1748

Co (III) aq
Ni (CNS)

2
aq r 1389

CoO c
Ni(II) :C

5
N
5
SH

5
aq dioxane r 2163

(2-amino-6-mercaptopurine) CoO-MnO c

Ni(II)^C 9N3SHg aq r 2134 CoO-FeO c

(o- (2-thiazolylazo)-phenol) Co0-Nb20
3

non-aq

nr

q
n

q

a

q
n

n

b

n

b

n

b

bp

s

m
m

q

q

ns

b

P

P

b

2593

2593

2593

2593

2593

2593

2121
triazene)

2554

1046

A- 15

A-56
1480
2437

2430

A-56
1480

1480

1297

1381

D-45

1480

1269

D-10

1284

B-33
1861

A-56

A-56

2101

2511

1271

1271

1489
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Substance State Prop. Ref.

CoO-MgO c P 1271

CoOg-Mn^O^ non-aq b 1333

Co (OH)
2

aq r 1565

C 0F
2

s D-44

C0CI2 aq n 2557

qv 1167

non-aq s 2294

coci
2
-h

2
o c q 1093

CoC1
2
'2H

2
0 c V 2395

V 2435

CoC1
2
-6H

2
0 V B-25

CoBr2
c V 2075

V 2501

C 0S
2

c 1 1768

Co2 S 3 c n 1534

Co
3
S4 c 1 1768

CoSO^ n A-39
V B-21

aq h 1328

CoS04~H2 0 1 C-9

CoS04 * nH20 c 1 1986

CoS04 *6H2 0 q A-40
V B-23

CoS04 -7H2 0 q A-40
V B-23

Co/Se non-aq 1 1239

CoSe*2H
2
0 c n 1481

CoSe03 *2H2 0 c n 2131

C0NO3 aq a 1468

CdN03 *nH2 0 c a 1468

Co(N0
3 ) 2

c n 1481

aq n 2131

Go(II) :NH2
0" c r 1255

Co(NH3 ) 4 (0H2)N3
+f

r 1607

Co(NH
3 ) 4C1‘H2 0

++
aq r 1686

[Co(NH3 ) 5C1] (C104 ) 2
aq p 1023

[co(nh3 ) 5
no

2 ]ci 2
aq p 1023

[Co(NH3 ) 5
F]C1

2
aq p 1023

(NH4 ) 2
Co(S 04 ) 2

*nH
2
0 c 1 1985

Co(II) :P
2
0
7

aq r 1104

Co(II) :P
3
0
1q aq r 1104

r 2266

Substance State Prop. Ref.

Co(III) :P2H 2
0
5

“"
aq r 2306

CoHP
3
0
^q

aq r 1379

Co/Bi b D-45

CoC c ak 1458

Co(II) :C
2
H,0„

(acetic acid)

aq r 2104

Co (II) :C4H6 06
(tartaric acid)

aq r 2216

Co (II) :C 6
H 0

6
(tricarballylic acid)

c r 1251

Co(II) :C
6
H„0

(citric acid)

c r 1251

Co (CH
2
GOCH

2
CCXIH3 ) 3

(ace tylace tonate)
c

aq

kmn

P

2188
1084

Co(II) tC^yH^gOg aq dioxane r

(2 -hydroxy- 2

'

1 ,4-trimethoxybenzil)
1725

Co(II) :C 2
N
2
H
g

(ethylene d iamine

)

c r 1630

Co(II) :C
3
N
?
H
4

(imidazole)
aq nr A-79

Co (II) :C
3
N
2
H
4

(pyrazole)
aq r 2506

Co (II) :C4N2H6
(N-me thy 1 imidazole)

aq r 2506

Co(II) :C4N3H13
(die thylene triamine)

c

aq
r

r

1630
1724

Co(II) :C
5
N
3
H
9

(histamine)

aq r 2506

Co (II) :C
6
N
2Ho

( 2 -picoly Iamine)
c r 1630

Co(II):C
6
N
4
H18

(triethylene tetramine)
c r 1630

Co(III) :C
6
N
4
H18 .2H2 0

(triethylentetramine)
aq r 1686

Co(II) :C8
N
5
H23

(tetraethylenepentamine
aq

)

r 2557

Co (II) :C9N3
H15 c

(N-aminoethyl-2- (2-aminoethyl)'
r

-pyridine)

1630
1

CoG 10N6
H28

(penten)

aq n 2558

Coc lON 6
H
2 ?

+4+

(penten H+)

aq n 2558

Co(II) :C
14
N4Hlg c r 1630

(ethylenebis-Q'^Q'*- (2-aminoethyl) -pyridine)

Co(II) :C
2
NH

5
0
2

(glycine)

aq r 1033
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Substance State Prop. Ref.

Co (II) :C2N4H4
0
2

(urazine)
aq r 1496

Co(II) :C3NH7 03
(serine)

aq r 2374

Co (II) rC
3
N
3
H
5
0
2

(urazole;
aq r 1496

Co (II) :C
4
NH

g
O

(threonine)
aq r 1418

Co (C2NH4
0
2 ) 2

" n^O
(glycinate)

c n 1764

Co(II) :C
5
NE

11
0
3

(3-hydroxyvaline)
aq r 1418

Co (II) :C
5
NH

11
0
3

(3-hydroxynorvaline)
aq r 1418

Co (II) :C
5
N
2
H
6
0
2

(imidazole acetic acid)
aq r 2506

Co(CN)
5
OH

2

“"“
aq n 1088

coC
6
nh o

6

-

(nitrilotriacetate)
aq n 2553

Co (II) :C6NH9 06
(nitrilotriacetic acid)

aq r 2269

Co(II) :C 6
NH13 03

(3-hydroxyleucine)
aq r 1418

Co(II) :C
6
NH13 03

(3-hydroxynorleucine)
aq r 1418

Co(C 3NHg02) 2
• nH

2
0

(o'-alanine)

c n 1764

Co(C3NH602 ) 2 'nH2 0

((3-alanine)

c n 1764

Co (II) tC^H^
(histidine)

aq r 2506

Co(II) :C 7NH11 0 aq r

(aminoacetone-N,N-diacetic acid)
1334

Co(II) :C
7
NH1403 aq

(2-methyl-3-hyaroxyleucine)
r 1418

Co (II) :C 8N2H12 0 c r 1630
(N-hydroxyethyl- (2-aminoethyl) -pyridine )

Co (C4NHg 02 ) 2
* nH2 0

(n-aminobutyrate)
c n 1764

Co(C4NH8 02 )2‘nH2 0
((3-aminobutyrater)

c n 1764

Co(II) :C
9
NHn0

3
(phenylserine)

aq r 1418

Co(II) :C^on2H16®8 c nr
(ethylenediaminetetracetic acid)

1635

Substance State Prop. Ref

.

Co(C
7
NH

6
0
5

) *4H2 0-H2 0

(p- aminosalicylate)
c P 1813

Co (II) :C14N2H22 08 c

(trans-1 ,2-diaminocyclohexane-N

,

tetraacetic acid)

nr

,N,N r ,N’

1635

Co (II) : (C N H
16

08 ) (C 6NH9 03 )
LU Z

c r 1802

(ethylenediaminetetracetic acid) (nitrilotri-

acetic acid)

Co(C 9
NH6 0) 2

-H20
(8-quinolinolo)

c p 1417

Co(II) :C 18N4H30O12 aq

(triethylene tetraminehexaace tic

r

acid)
2218

Co(C9NH7 ) 2
(NCO) 2

(iso-quinoline)

non-aq r 2562

Co(C9NH60)
3

(8-hydroxyquinolinato)
c n 1432

6o2 (II) :C
8
N
8
H202 aq

(peroxodiethylenetriamine)

r 1724

Co (II) : (CjNHs) 2
C1 • HjO

(e thy le ne d iamine

)

aq r 1686

Co(II) :C,N4H18C1.H2 0

(trie thylenetetramine)
aq r 1686

[n(ch
3 ) 4 ] 2

coci4-h2 o c nq 1093

coCi 2 (c5nh5 ) 2
(pyridine) c

mv
am

B-14
2123

3N(C 2H5) 4 ] 2CoC14-H2 0 c nq 1093

Co(C9NH7 ) 2Cla
non-aq r 2562

(iso-quinoline)

Co[NH2 (ch2)2nh2]3 (C104^ 3
c n 1534

CoC 16N2 Br4H40 q A- 15

Co(C 9
NH7 ) 2

Br
2

(Iso-quinoline)

non-aq r 2562

Co(II) :CcN
2
BrH3 04

(5-bromoorotic acid)

c r 1228

Co(C 9NBr 2
H
4 0)

3
c n

(5 ,
7 -dibromo- 8-hydroxyquinolinato)

1432

Co(C 9
NH7 ) 2

I2
(iso-quinoline)

non-aq r 2562

Co(II) :C 5N2IH304
(5-iodobrotic acid)

c r 1228

Co(II) sCNS“ aq r 2096

Co (II) rC^N^SH^ aq dioxane
(2-amino-6-mercaptopurine)

r 2163

Co(II) :C9N3SHg

( 0- (2-thiozolylazo)-phe
aq
nol)

r 2134
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Substance State Prop. Ref. Substance State Prop. Ref.

Co(c9nh7 ) 2
(ncs ) 2

non-aq r 2562 Fe(0H) 2 c P 1451

(iso-quinoline) Fe(OH) 3 c y 1876

Coq38As 2
Cl4H 36 aq q 1046 Fe(0H) 3-H2 0 c p 2482

CoSi c tv 2055 Fe4Xe 8 n 1682

Co/Si non-aq q 2437 Fe 6Xe 8 n 1682

Co/Al/Ag bp D-10 FeF 1 C-35

Co/Hg b D-45 FeF
3

1 C-35

41 - Iron Fe (III) :C1" aq r 2491

Feci, ps A-22
Fe m B-33 mv B-34

y B-27 c m 2282
c a 1298 V 2338

k 1091 aq n 2557
km 2589 non-aq s 1712

Fe-Si s D-76 FeCl 2-HCl-H2 0 c p 2507

Fe-FeO c p 1552 FeCl 2~alkyl chloride liq ps A-22

Fe-Mn p C-21 FeCl 2-NiCl2-H2 0 c p 1499

Fe-V c p 1091 FeCl
2
-MnCl

2
-H

2
0 c p 1421

Fe ores c V 1336 FeCl 3 c 1 2499

Fe/O c 1 1482 p 2482

n 1374 FeClo-HCl-HoO c p 2507
s 1349
s 1944 Fe 2c l6 8 r 2499

FeO liq km 2348 FeBr2 mv B-34

FeO-Fe203-0303 non-aq b 1510 FeBr3 c 1 2499

FeO-MgO non-aq s 1556 Fel2 8 r 034

Fe 0n~ c V 1825 FeS c 1 2550

V 1301
FepOo c a 1700

a 2346 FeS-HCl c nq 2126

F£ 2^3”Al20
3 c V 1659 FeS

2
c

V
1

B-34
1599

Fe203-Fe 0-Cr203 non-aq b 1510
FeSO* c p 2482

Fe2°3“FeT^®3 non-aq b 1490 aq h 1328

Fe203-Mn3 04 c b 1709 Fe (III) :S04 aq r 1623

Fe
2
03-Nb2

0
5

non-aq b 1489 FeS 04 * nH3 0 c 1 1986

Fe 203-MgO-Cr202 c b 2238 Fe (OH) SO4 c P 2482

Fe-jO^'H^O c 1 2580 FeSe c P 1706

Fe
3
04

n 2211
Fe/N non-aq P 1484

mv B-34
Fe (N0

3 ) 3c s 1175 aq V A-79

Fe 3°4”Fe ® c p 1552 (NH4 ) 2Fe (SO4 ) 2
• nH20 c 1 1985

FeOH+ aq p 1708 FeP0
4
*2H

2
0-HN0

3
c p 1746

FeOH'
1-1'

aq p 2513 Fe(III) :H
2
P02

"
aq r 1620
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Substance State Prop. Ref.

Fe/P/S non-aq b 1234

FeAsS c 1 2058

Fe
3
G c mt 2315

Fe (CO)
5 g w 1646

Fe (III) :C 2 H2 04
(oxalic acid)

aq r 1711

Fe(HC00) 2
* 2H

2
0 V B-25

Fe(III) :C2 H402-aq CH3COOH
(acetic acid)

r 1415

Fe (III) :C 3H404
(malonic acid)

aq r 1711

Fe (III) :C
3
H
6
0
3

(lactic acid)

aq r 2530

Fe (III) :C4H6 04
(succinic acid)

aq r 1698

Fe (II) :C,H 0

(malic acid)
aq r 2556

Fe (III) :C
4
H6 05

(malic acid)

aq r

r

2359

2556

Fe (II) :C4H6 06
(tartaric acid)

c r 1426

Fe (III) :C4H6 0

(tartaric acid)

c r 1426

Fe(III):C
5
Hg0

7
(trihydroxyglutaric ac

aq

id)

r 2359

Fe (II) :C
6
Hg O-,

(citric acid)

aq r 2556

Fe (III) :C 6H8 07

(citric acid)
aq r

r

1697

2556

Fe (III) :C
6
H12 06

(fructose)
aq r 2059

Fe (III) :C
6
H
12

0.

(gluconic acid)
aq r 2359

Fe (III) :C
7
H6 03

(salicylic acid)

aq r 1582

Fe (III) :C 7 H6 04
(resorcylic acid)

aq r 2455

Fe (III) :CgHg03 aq r

(2-hydroxy-3-methylbenzoic acid)
1030

Fe (C
3
H
7
0
2 ) 3

(ace tylace tonate)
c kmn

mn
2188
1780

Fe ^c 6H10°p3
(propionylace tone)

c mn 1780

Fe(C9 H8 02 ) 3
(benzoylacetaldehyde)

c mn 1780

Substance State Prop. Ref.

Fe (CioH10°2^ 3
(benzoy lace tone)

c mn 1780

Fe (Cxi% 2
0
2 ) 3

(propionylace tophenone)
c mn 1780

Fe (c 12H14°2) 3
(butyrylace tophenone)

c mn 1780

Fe (C 15 Hi 2 02^3
(dibenzoylme thane)

c mn 1780

Fe
2
(HI) :C

4
H
6
0,

(tartaric acid)

c r 1426

Fe
3
(III) :C4H6 0,

(tartaric acid)
c r 1426

Fe
3
(III) :(OE) 2C 2^02

(acetic acid)
c r 1426

Fe(III) :C 7C1H5 03 aq

(2-hydroxy-5~chlorobenzoic acid'

r

)

1030

Fe(III) :C 7 BrH5 03 aq
(2-hydroxy-5-bromobenzoic acid)

r 1030

Fe/C/S non-aq b 1234

Fe (III) :C 7 SHg 05
(sulfosalicylic acid)

aq r 1582

Fe (III) :CN- aq r 2225

Fe (CN) 6— aq n 1088

Fe (CN)
6

aq n 1088

3FeCl3 -2C 6
NH

5
-C

6
H
6

(triethylamine)
non-aq r 2579

[Fe(CN) 6 ] 4
aq V 1825

Fe (III) :C 6N4H18
(trie thyle ne te tramine

)

aq r 2225

Fe(II) :CgN
5
H23 aq

(tetraethylenepentamine)
r 2557

FeCi 0N6 H2
g^

(penten)
aq n 2558

Fe(II) :C
12

N
2
Hg

(°“phenanthrolene)
c r 1782

Fe (III) :C 12N2Hg
( °"phenan thr0 le ne )

c r 1782

Fe(III) :C 12N2H12 c

(4, 4' -dime thy 1-2, 2
r -bipyridine)

r 1627

Fe (III) :Ci4N2Hi2 c r

(4, 7 -dime thy 1-1, 10-phenanthrollne )

1627

Fe(III) !C^4N2H^ 2 c r

(5

,

6 -dime thy1-1, 10-phenanthroline

)

1627

Fe (III) :C 6NH5 02 c r 1426
(picolinic acid)
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Substance State Prop. Ref.State Prop. Ref. Substance

Fe (III) :G
6
NH

9
0
6

aq r

(nitrilotriacetic acid)

Fe(III) :(0H-) 2 (C6NHi3 04 )aq r

(N^N-bis (hydroxyethyl) glycine)

Fe(III) :C
7
NH5 04 c r

(dipicolinic acid)

Fe(III) :C
7
NH

5
0
5

aq r

(2-hydroxy--3~nitrobenzoic acid)

Fe(III) :C
7
NH

5
0 aq r

(2-hydroxy-5-nltrobenzoic acid)

10 iN
2

tl19°7
(N-hydroxye thyle thylenediamine-N, N

'

}
N ' -tri-

aq

2532

1557

1426

1030

1030

2120Fe (III) :CinNoH
nydr

acetic acid)

Fe(III):C 12N2H20O11 aq r 2120 Fe/si
(glyco le therd iamine te traace tic acid)

Fe(III) :C 14N2
H22 08 aq r 2120

(1,2-cyclohexanediaminetetraacetic add) FeSi
2

Fe(III) :C 14N3
H23 010 aq r 2120

(diethylenetriaminepentaacetic acid)

Fe(III) r(C 10
N
2
H16 Og) (C 6NH9 03 )

c r 1802

(ethylenediaminetetracetic acid) (nitrilotriacetic
acid)

FaC38As 2Cl4H36 aq

Bi4
[Fe(CN)

6 ] 3
-H

2
0 c

Bi4
[Fe(CN)

6 ] 3
-dil HNO3 c

Bi4 [Fe(CN) 6 ] 3
-aq C

2
H5 OH c

Bi4 [Fe(CN) 6 ] 3
-(CH3 ) 2

CO c

Fe (III) tdextran aq

Fe(III) :38 phenols aq

Fe/Si

FeSi

Fe
3
Si

c

liq

non-aq

c

non-aq

liq

s

mtv
t

tv

V

p

q

s

tv

V

s

mt
tv

t

(CH
3)4NFeCl4-C 6H6 non-aq r 2579 Fe

5
Si

3
c mtv

+-

[N(CH3 ) 4 ] 2
FeCl4-H2 0 c nq 1093

L

tv

[N(C
2
H
5 )4 ] 2

FeCl4-H2 0 c nq 1093 FeSi03 c r

3FeCl
3
.2G

3
H9N-C 6H6 non-aq r 2579 FeoSiO-20% HF c q

(n-propylamine) 2

3FeCl3.2C4NH11-C6H6 non-aq r 2579
Fe 2SI04 non-aq s

( die thylamine

)

Fe 2 Si2 03 c V

3FeCl
3
*2CrH

5
N-C6H

6
(pyridine)

non-aq r 2579 Fe/Si/S non-aq b

CSb0 .93^ Fe o.07
)Fe

2
[(Si04 ) 2

(0H)]

3FeCl 3 -2C s HiiN-C 6H6
(piperi d:i-ne 7

non-aq r 2579

Fe/Ge

c

c

a

V

Fe (III) :C 9NH7 0-xHG 1

(p-hydroxyquinoline)
c 1 1431 Fe/Sn c V

A- 15
Fe/Sn/S non-aq b

FeC 16N2
Br

4
H40 q

Fe/Pb/S non-aq b
Fe (C

9
NH

6
0)

3
*xHBr c 1 1431

(8-hydroxyquinoline) Fe/Fb/Bi b

Fe (III) rCNS" aq r 2096 Fepb
2
C
6
N
6

non-aq s

Fe (III) :SCN“ aq r 2122 Fe/Al q

Fe (II) :C 9N~SH8 aq r 2134 FeAl c n

( 0-

(

2-thiazolylazo) -phenol) Fe/Al c V

Fe (in) :C 10ns 2
h9o7 c r 1640 non-aq P

(l-amino-8-naphthol-3,6'-dlsulfonlc acid) FeAl204 c r

1046

1206

1206

1206

1206

2450

2144

A-56

D-76
1202
2199
2292

2441
D-41
2437

D-76
2292
1344

D-76

2199
2292
2199

1202

2199
2292

1858

1171

1918

1809

1234

1537

2441

2441

1515

1543

D-45

2186

A-56

1279

2022
1232

2066
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Substance Substance State Prop Ref.State Prop. Ref.

Fe/Zn/S t B-21

FeZn
2
C
6
N
6

non-aq s 2186

FeCd 2G6N6
non-aq s 2186

Fe/Hg b D-45

FeCu02 c amt 2316

Fe2Cu04 c 1 2316

FeCuSo c w 1865

FeCu3 S4 c a 1377

FeAg4G 6N6
non-aq s 2186

Fe/Ag/Al bp D-10

Fe/Ni non- aq V 1299

FeNi
3 c w 1830

Fe/Ni/S non-aq b 1268
b 1544

Fe/Ni/As non-aq b 1491

Fe/Ni /C bs D-10

Fe/Co/C bs D-10

Fe/Co/Al c V 2142

Fe garnets V B-26

42 - Palladium

Pd lm C-24
c km 1945

V 2339

Pd-H2 y D-13

Pd-D 2 y D-13

Pd-As c b 1103

Pd-Sn liq q A-37

Pd (II) aq s 1497

PdO c 1 C-24

PdO-RhO non-aq b 1626

Pd (II) :C1- c rs 2067
aq r 2150

r 2504

PdCl4
"“

s 1497

Pd (II) :Br" c P 1791

PdBr4
"~

s 1497

PdI
2 c 1 2387

Pdl4
" _

s 1497

[Pd(NH3 )4 ]Cl 2 V B-43

[Pd(NH3 ) 4 ]Cl2-H2 0 V B-43

PdC2Cl
3
H
4
" aq r 1894

Pd (II) rC^NgH-LgC^-aq dioxane r 1840
(3-hydroxy-3~phenyl-l- (p-ace tylphenyl) triazene)

Pd (II) :C
1
2N

3
clHio0-aq dioxane r 1839

(3-hydroxy-3- (p-chlorophenyl)- 1 -phenyl triazene)

Pd (II) :C 12N3C1H10 0 c r 1975

(3-hydroxy-3-phenyl-l- °-chlorophenyl triazene)

PdCNS aq p 2011

Pd (SCN)
4

s 1497

Pd (II) :G 12
N
2SH9 05 c r 1638

(p- benzylsulfonic acid azoresorcein)

Pd (II) :C 12
N
3
SHn 0

4
aq r 2121

(3-hydroxy-3-phenyl-l-(p-sulfophenyl)- triazene)

PdCNSI
2 aq P 2011

Pd/Au t A-37

PdNI non-aq V 1341

Pd/Fe c V 2339

non-aq b 1287

43 - Rhodium

Rh c km 2472

RhO-PdO non-aq b 1626

RhO-PtO non-aq b 1626

Rll2 c 1 C-24
1 1626

RhClg c r 1627

Rh/C non-aq p 1208

44 - Ruthenium

Ru c k 1989

km 2472
non-aq s 2258

Ru0
4 c n 1017

liq n 1017

aq p 2386

RuF
3 c n A-36

RuC1
3

c mn 2358

RuC14 g In 2358

Ru (III) : (NH3 ) 5 H2 0 aq r 1628

Ru(III) :(NH
3 ) 5

C1- aq r 1628

RuNOClg (HjO)
2

c r 1845

RuN0C14 (H2 0)
_

c r 1845

Ru (III) :C
12
N2Hg c r 1627

(1, 10-phenanthroline )
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Substance State Prop. Ref.State Prop. Ref.

Ru (III) :C 10NH7
O
2

(l-nitroso-2-naphthol)
aq r 1730

Ru (III) :C 10NH7 O2
(2-nitroso-l-naphthol)

aq r 1730

Ru(III) :(C
6
H
6
O
7
)(C 10NH7 o2 )

aq r 1730

(citric acid, 2-nitroso-l-naphthol)

Ru(III) :(C
6
H
6 0 )(C 10NH7 O2 )

aq r 1730

(citric acid, l-nitroso-2-naphthol)

45 - Platinum

Pt c a 1787

k 2413

Pt-Bi b D-45

Pt++ non-aq s 2549

PtO-RhO non-aq b 1626

PtF 6 mv B-34

Ptci4
“

aq V 1825

r 2093

Ptci
6

“"
aq V 1825

s 2357

Ptl
3

c 1 2388

Ptl4 c 1 2388

Pt(NH3 ) 2
H
2
abb aq r 2350

Pt(NH3)Cl 3
"

aq r 2093

(NH2 ) (Ptci4 ) nq A- 7 5

Pt(NH3 ) 2Cl 2
aq r 2093

cis-[Pt(NH3 ) 2Cl 3
]Cl V B-43

cis, trans- [ Pt (NH3 ) 2C14 ] V B-43

Pt(NH
3 ) 3

Cl+ aq r 2093

trans- [Pt (NH
3 ) 3

C1
3 ] V B-43

cis, trans-[Pt(NH3) 4Cl2]Cl 2 V B-43

cis- [Pt (NH3 ) 5C1] Cl 3 V B-43

[Pt

(

nh3 ) 6 ]gi4 V B-43

(NH4 ) 2
PtBr

6
c a 1942

Pt (NH3) 2BrH2 0
+

c r 1992

[Pt(NH
3 ) 3

Cl]Br nq A-75

(CH3 ) 3
PtI n A- 7 7

Pt(NH3 ) 2
(CN)

3

+
aq p 2375

Pt(CH3NH2 ) 2
(CN)

3

+
aq p 2375

Pt(NH3 ) 2 (CN) 2
N0

2
N0

3 aq p 2375

Pt(CH3NH2 )
2
Cl

2
aq r 1822

Substance

Pt(C 2
H
5
NH

2 ) 2
Cl 2 aq r 1822

(p-ClC6H4N2 )
2
PtCl 6-HCl c p 1163

(p-HOC6H4N 2 ) 2PtCl 6-HCl c p 1163

(p-02NC 6 H4N2 ) 2PtCl 6
-HCl c p 1163

(p-CH30C6H4N2 ) 2
PtCl

6
-HCl c p 1163

(P-C 10H7N 2 ) 2
PtBr

6
-HBr c p 1163

(p-02NGg|

H4N2 ) 2
PtBr^ • HBr c p 1163

(p-Cl^OC^H
4
R 2 )

2
PtBr^-HBr c p 1163

(p-ClC6 H4N2 ) 2
PtBr6-HBr c p 1163

PtAl c a 1787

Pt/Al non-aq b 1787

Pt2Al
3

c a 1787

Pt3Al c a 1787

Pt5Al 3 c a 1787

Pt/Cu p C-13

Pt/Au V B-7

Pt/Ni p C-13

Pt/Co/O non-aq 1 2021

Pt/Rh c

46 - Iridium

tv 2265

Ir c km 2472

Ir/Bi b D-45

Ir0
2

c 1 C-24

IrF
6

mv B-34

c V 2399

IrCl
6

“"
c r 1627

IrCl 6

—
aq s 1618

Ir02Cl g p C-24

IrBr
6

c r 1627

Ir/C c km 2472

Ir/Pt

47 - Osmium

V B-7

Os c k 1989

OsF 6
mv B-34

c V 2399

0sC1 3
c 1

1

1011

1624

OsCl4 c 1 1011

Os/Bi b D-45

Os/lr
342

non-aq b 1742



Substance State Prop. Ref.

Manganese - 48
Mn m B-33

Mg-Fe-C-Si p D-61

Mn-Ag liq p D-61

Mn-Fe p C-21

Mn-Mn/Fe/Ni non-aq i 1608

MnO c r 1614

Mn02 c a 1312

Mn04
_

aq r 1825

Mn
2°3

c i 1207

Mn
3 04-Co208

non-aq b 1333

Mn
3
0
4
-Fe20

3 c b 1709

MnOH++ aq r 1970

Mn(0H) 2-H2 0 c P 2482

MnF 1 C-35

g 1 2110

MnF++ aq r 1970

MnF2 c km 2110

MnCl 2 vy B-23

c

vy
V

D-50
1106

aq n 2557

MnCl 2-H2 0 c q 1093

MnCl2-FeCl 2-H2 0 c p 1421

MnCl3
”

non-aq S 1402

MnBr
2
*4H20 V B-25

MnS-HCl c nq 2126

MnS04 aq h 1328

MnS04“H2 0 1 C-9

Mn/N non-aq P 1484

Mn(II) :NH2
0" c r 1255

MnCl
2
-2NH

3 c i 2347

MnCl2*6NH
3 c i 2347

(NH4 ) 2Mn(S04 ) 2 -nH20 c i 1985

Mn(II) :P
3
01Q aq r 2266

Mn/Bi b D-45

MnyC 3 np D-61

Mn(CH0
2 )

2
*nH

2
0 c q 1957

(formate)

Mn(CH02)2‘2H
2
0 V B-25

(formate)

Substance State Prop. Ref.

Mn(II) :C
2
H,

0

(acetic acid)
aq r 2104

Mn(C2H3CL)
2

(acetate;

V B-25

MnC!5H2l06
(trisacetylace tonate)

c kmn 2188

Mn(II) rC^yH^^O^-aq dioxane r

(2-hydroxy- 2
'
,4 r ,4-trimethoxybenzil)

1725

Mn(II) :C 2
C1H3 02

(chloroacetic acid)
aq r 1157

Mn(CN) 6
"”““ aq n 1088

Mn(II):C 6
N
4
H
18

(trie thylenetetramine)
c r 1630

Mn(II) :C gN5
H23

(tetraethylenepentamine)
aq

1

r 2557

MnC 10N6H28
^

(penten)
aq n 2558

Mn(II) rC 14N4H18 c r 1630
(ethylenebis-a^cv 1 - (2-aminoe thy 1) pyridine)

Mn(II) :C 2NH5 02
(glycine)

aq r 1033

Mn(II) :C cN
3
H
3
0
6

(5-nitro8rotic acid)
c r 1228

MnC 6NH.06
'

(nitrilotriacetate)
aq n 2553

Mn(II) jCgNHgOg

(nitrilotriacetic acid)
aq r 2269

Mn(Il) JCioN2%608 c nr 1635

(ethylenediaminetetracetic acid)

Mn(Il) :C 14N2
H22 08 c nr 1635

(trans-1 . 2-diaminocyclohexane-N,N, N' ,N'-

tetracetic acid)

Mn(II) :Ci4N3Hx302-aq dioxane r 1840
(3-hydroxy-3-phenyl-l_-(p-acetylphenyl) triazene)

Mn(II) : (C 10N2H16 O8 ) (C6NH903)

c r 1802
(ethylenediaminetetracetic acid) (nitrilotri-

acetic acid)

[N(CH3 )4] 2
MnCl4-H2 0 c nq 1093

Mn(II) :C^ 2N3ClH9-aq dioxane
(3-hydroxy-3- (p-chlorophenyl)

-

r 1839

1-phenyltriazene)

[N(C 2H5 ) 4 ] 2MnCl4-H2 0 c nq 1093

Mn(II) :C
12
NoC1H100 c r 1975

(3- hydroxy- 3-phenyl- 1-o-chlorophenyltriazene)

[(C 2H5) 4N] 2MnBr4 q A- 15
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Substance State Prop. Ref. Substance State Prop. Ref.

Mn(II) :C5N 2BrH3 04 c r 1228 (p-CH3OC 6 H4N2 ) 2
ReGl

6
-HCl c P 1163

(5-bromoBrotic acid)
(P-C 10H7N2 ) 2ReBr 6

-HBr c P 1163
Mn(II) :G5N 2 IH3 04
(5-iodoBrotic acid)

c r 1228
(p-HOC

6
H4N2 ) 2

ReBr6-HBr c P 1163

Mn(II) :SCN" aq r 1748
(p-

0

2NCgH4N2 ) 2ReBrg-HBr c P 1163

Mn (II) rC^N^SH^-aq dioxane r 2163
(p-HOOCCgH4N2 ) 2ReBrg-HBr c P 1163

(2-amino-6-mercaptopurine) (p-CH3 0C 6H4
N
2 ) 2

ReBr6-HBr c P 1163

Mn(II) : C , 0^ aq r 2121 (p-ClC 6H4N2 ) 2ReBr-HBr c P 1163

(3-hydroxy-3-phenyl-l-(p-sulfophenyl) triazene)

MnC 38As 2Cl4
H36

51 - Chromium
aq q 1046

MnSi-Si c b 2138 Gr c a 1296

Mn2Cu04 c 1 2179
a

k
1303
2403

MnFe 2 04 c r 1856 Cr-C-0 z D-52
Mn3 04*xFe 8 04 c s 1013

Cr-CroSo r A-56
Mn/Fe/N non-aq p 1484

CI+++ non-aq s 2549

49 - Technetium Cr02 w D-55

g w 1322
Tc/Zn non-aq b 2023 Cr03 c km 2391
TcZn6 c 1 1180 1 2564

g w 1322
SO - Rhenium

1835

Re C-29

Cr04 aq r

V 1825
k

c V 1874 Cr
2
0
2

w D-55

Re°3

V 2432
*-"r2®3 c n 2025

g w 2427 Cr203-Fe 2 03-Fe0 non-aq b 1510
Re 04" aq r 1825

Cr 2 03-Nb 2 03
non-aq b 1489

R6
2

c km

q

2391
2196

Cr203-Ca0 non-aq b 1561

r 2545 Cr 2 03-Mg0-Fe 2 02 c b 2238

g
aq

r

V
1564

2515
^r2®7

_ ”
aq r

V

1835

1825
ReH04 g r 2545 CrH04

_
aq r 2393

ReF.
6

c

mv
V

B-34

2399
Cr02 (OH)

2
aq r

r

1800

2392
ReCl

3 V B-36 r 2393

Re/Bi b D-45 g 1 2564

H3 [Re (CN) 5 (H2 0) ] aq r 2577 Cr(0H)
3

c y 1876

(p-ClC 6H4N2 ) 2ReCl 6-HCl c p 1163 CrF 1 C-35

(P-G 10H7N2 ) 2ReCl6 -H2 0 c p 1163 CrF
2 1 C- 35

(p-HOC 6 H4N2 ) 2ReCl 6
-HCl c p 1163 CrCl++ aq r 1004

(p-02NC 6H4N 2 ) 2
ReCl

6
-HCl c p 1163 Cr (III) :C1" aq r 2578

(p-HOOCC 6H4N2 ) 2
ReCl

6
-HCl c p 1163 CrCl 2-LiCl non-aq b 2565
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Substance State Prop. Ref. Substance State Prop. Ref.

CrCl 2
-NaCl non-aq b 2565 Cr (C 9NBr 2H40) 3

c n 1432

CrCl 2-KCl non-aq b 2565
( 5 ,

7 -dibromo- 8 -hydroxyquinolinato)

2565
Cr (CNS )

3

non-aq r 1584
CrCl 2 -RbCl non-aq b

2565
Cr(CNS)

fi
non-aq r 1584

CrCl
2
-CsCl non-aq b

CrCl 3 c a 1619
Bi[Cr(CNS)

4
(NH

3 ) 2 ] 3
c p 2584

CrSi c n 2025
CrC 103 aq r 2393

CrSio c n 2025
CrS07

--
aq r 2393

Cr
2
(SO4 )

^

aq h 1328
Cr 3Si c n 2025

1769
Crq Sio c n 2025

Cr 2Te 3 c V J J

Cr3Te4 c V 1769
CrPb04 c a 2533

Cr
5
Te

6
c V 1769

PbCr 04~Rb 2Cr 04 non-aq b 2533

Cr(N0
3 ) 3 aq V A-79

PbCr 0
4-Cs 2

Cr04 non-aq b 2533

Cr (III) :P
2
H
2
0
5

"‘
aq r 2306

Cr/Al c V 2142

Cr2^3 c ak 1458
TlCr(CNS) 4 (NH 3 ) 2

ZnCr o 0,

c p

V

2584

B-25
Cr

2 ( C 2°4)
3
-9 H

2
0 c n 1212 2 4

Cr (III) :

C

2 H2 04 aq r 2415
Cd[Cr(CNS) 4 (NH3 ) 2 ] 3 c p 2584

(oxalic acid) Cr/Hg b D-45

Cr (C
3
Hy 0

2 ) 3
c kmn 2188 AgCr(CNS) 4 (NH3 ) 2

c P 2584

(ace ty lace tone te) aq P 1084 non-aq s 2213

Cr(CN ) 3
non-aq r 1584 Cr/Ni non-aq b 1222

Cr (CN ) 6

Cr (III) :C4
N
3
H
13

aq

aq

n

r

1088

2496
[ Co (CN3 ) 5

H
2 0]
^

• Cr04
^

aq

P

r

1303

1629

(diethylene triamine) [Co(NH3 ) 6 ] [Cr(C 2 04 ) 3
.3H2 0-H2 0]

1211
Cr(III) aq r 2496

c q

(trie thy lenetetramine) Cr/Fe non-aq a 1298

Cr(III) :C 2NH5 02 aq r 2219 Cr/Fe/Al c V 2142
(glycine)

Cr/Fe /Co non-aq b 1295
Cr(III) :C

5
NH11 02

(valine)
aq r 2219 RuCr

3 c a 2318

Cr (III) :C 6NH13 02 aq r 2219
RuCr4 c a 2318

(2-amino-4-methyl pentanoic ac id)
52 - Molybdenum

Cr(III) :C
g
N H14 02

( lysine)
aq r 2219

Mo V B-26

HCrC 1oH12 N208 -H 2 0 c p 1366 y B-27

2274
(e thy lenediamine tetraacetate)

c km 1518
Cr (III) :C 10

N
2
H16 0g aq r 2496 km 1610

(ethylenediamine tetraacetic acid) V 1874

Cr (C 9NH4 0) 3 c n 1432 Mo-Mo sulfide r A-56
( 8 -hydroxyquinolinato) Mo-C-0 z D-52
Cr(C 9NH6 0) 3

-xHCl

( 8-hydroxyquinolinato)
c 1 1431

Mo-Ni s D-76

Cr (C 9NHgO) 3 • xHBr

( 8-hydroxyquinolinato)
c 1 1431

Mo (VI) aq r 2184
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Substance State Prop. Ref.

M0O2 P D-74
t B-40

c s 1175

M0O3 1m C-24
c a 1573

k 2036
liq k 2036

Mo03-Na^P20-y c b 1573

Mo0
3
-NaB

4
07 c b 1573

M0O4
""

aq V 1825

M02 O6 1 C-24

Mo309 1 C-24

H* :Mo04
"~

aq r 2171

Mo0
2
C1 2 c In 2353

MoOCl,
4

c In 2353

M0S 2 c n A-36

MoP c 1 1569
1 1917

Bi
2
(Mo04) 3

-PbMo04 non-aq b 2203

MoC c ak 1458
n 1587

z 1127

M02C c n 1587

z 1127

Mo (VI) :C9H,04
-C

2
H
5
0H

(esculetin)
r 1696

Mo(VI) :C 10
H
8
O4-C 2

H5 OH
(4-methyl esculetin)

r 1696

Mo(VI) :C^ 5 H^o04"C 2
HrOH

(4-phenyl esculetin)
r 1696

[(moo11 )(c 6ci 2
ho4 ) 3 ]

7"
aq r 1508

(chloranilate)

[(mo6 o21 )(c 6ci2ho4 ) 6 ]

12
aq r 1508

(chloranilate)

Mo (VI) :C 6N2H6 02 aq r 2303

(nicotinylhydroxamic acid)

(CO) 4MoC2N 2
H8

(ethylenediamine)
n A- 5 5

(CO) 3
MoC4N3H13

(diethylene triamine)

n A-55

C5H5NMo(CO) 5 kn A-55
(pyridine) mv B-32

Mo /Si 1 2472

MoSi2 t B-40

Substance State Prop. Ref.

MoPb04 c a 2533
V 1038

PbMo04-Bi 2 (Mo04) 3 non-aq b 2203

PbMoO4 -Rb 2M0O4 non-aq b 2533

PbMo04~Cs 2Mo04
non-aq b 2533

Mo/Al non-aq b 1450

Mo/Ni s D-76

Fe (III) :Mo04

""
aq r 1137

Mo/Fe/C non-aq r 2277

Mo/Pd non-aq b 1286

Mo/Cr non-aq b 1743

53 - Tungsten

W k C-29

W-C-0 z D-52

W/0-H2 0-H2 1 D-9

W0
2

n A-3
V B-4

c an 1752

1 1399
s 1175

WC>2
# 72 n A-3

WO2 .90 n A-3

WO3 1m C-24
n A-3
V B-4

c an 1752

W04
"

aq V 1825

w2 o6
1 C-24

w
3
o n A-3

c 1 1399

W30g 1 C-24

w12°39
6

aq r 1847

tt n 10 “
w12°41 aq r 1847

wo3h2 o g 1 1594

W6H02 ^ aq r 1847

W
6
H3°4"' aq r 2013

wf6 mv B-34

c V 2399

hwo
3
f aq r 1012

WC1
6

c km 1444

m 1715
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Substance State Prop. Ref.

W0
2
C1 2 c In 2353

W0C14 c In 2353

WBr5 c n 1799

WBrg c n 1799

WBr
2
0
2

c n 2014

WBr^O c n 2014

ws2 c n A-36
n 2272

WP c 1 1569

W/P c 1 1118

HW0
2
P0
4 aq r 1012

H3WO3AS

o

4 aq r 1012

W/Bi b D-45

WC c ak 1458
n 1587

r 1832

z 1127

W/C c t 1020

W2C c n 1587
r 1832

z 1127

W/Si 1 2472

WSi
2

t B-40

WPb0
4 c V 1038

PbW04-Rb 2W04 non-aq b 2533

PbW04-Cs 2W04 non-aq b 2533

W/B non-aq b 1272

WZn04 c nr 1387

W/Ru non-aq b 1224

W/Mo/Ge non-aq b 1230

54 - Vanadium

V w D-34
c a 1237

n 1722

V 1384

V-Bl a D-45

V-Fe c p 1091

V-V sulfide r A-56

V02 c a 1661
<J
O

to

1
aq r 2372

vo4 aq r 1835

Substance State Prop. Ref.

v2 o3 c 1 1123

v
2
o5 c a 2125

n 1722

liq q 1848

V2 05 -Pb0 liq q 1848

V2O7" aq r 1835

V/H c p 1466

VH c V 1384

V(III) :0P“ aq r 1693
r 1801

VHO3 c r 1655

V2(HI) :0H
-

aq r 1693

r 1801

VF 1 C-35

W
3

1 C-35

VC1'
H'

aq r 1693

VC1 2 g k 1042

VC1 2
+

aq r 1693

VC1
3 g 1 1042

VC14 c n 1099

aq n 1032

VC1 5 aq n 1032

VBr
2

c k 1617

g k 1042

VBr3 g 1 1042

1 1043

VBr4 g 1 1043

VBrCl
3 g 1 1044

VBr2Cl 2 g 1 1044

VI2 c k 1617

v2s3 c n 2272

V/Sb c V 2142

VC c ak 1458

1 1123
n 1722

v
2
c c z 1127

VOC c n 1722

V(V) :C 2H2 04 aq r 2508

(oxalic acid)

vo(c
7
h
4
o
3 ) 2 c r 1777

(salicylate) aq r 1691

v(c 5 h8 o2 )
3

c kmn 2188

(ace tylace tonate)
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Substance State Prop. Ref. Subs tance State Prop. Ref.

vo(c 7
sh

3
o
6 ) 2

c r 1777 NbCl
5

c i 1502

(sulfosalicylate) NbCl
5
-TiCl

4
-POCl

3
c b 1155

v(cn) 6 aq n 1088 Nb
3
Cl

g
c n 2033

V/Sn c V 2142 Nb02Cl c n 1887

Pb 2V2 07
-V

2
0
5

c nq 1848 NbOCl
2

c n 1785

Pb (V04 ) 2
-V

2
0
5

c nq 1848 NbOCl 3 c n 1887

Pb 3 (V04 )
2

c n 1848 g 1 1147

8PbO V
2
0
5
-V

2
0
5

c nq 1848 NbCl
3
0-RbCl non-aq b 1187

V/Al c V 2142 NbCl 3 0-CsCl non-aq b 1187

tivo
3

aq p 2298 Nb0Br 3 c n 1887

ti4v2 o7 aq p 2298 NbOI
3

c n 1887

V/Cr/Al c V 2142 Nb
4
3
7

c n 2272

NbP c 1 1569
55 - Niobium

Nb/Bi b D-45

Nb z 2274 NbC c ak 1458
c a 1237

1 1123
m 1153 V 2026
m 1817

t 2085 Nb 2C c z 1127

t

V
2086
1666

Nb (V) :CNS"-CH3 0H c r 1501

V 1757 Nb
3
Sn V B-28

g

V

t

2429

2085
NbB 2 c n A-36

Al 2 03 -9Nb 2
0
5

c a 1393
Nb-Nb sulfide r A-56

1489
c a 1393Al 9 0o-25Nb 9 0,

Nb 2 -Fe 2 03 non-aq b

Nb/Hg b D-45
NbO c lm 1153

n 1785 NbCo c a 2317

Nb0
2

c 1 1123 NbCo3 c a 2317

In 1126 Nb/Fe non-aq b 2063
m 1153

Nb 2 05 c In 1126 56 - Tantalum

Nb 2
0
5-Al 2

0
3

n 2002
Ta c V 1738

c b 1393 V 1874
non-aq b 1489 V 2263

Nb 2 05-N10 non-aq b 1489 Ta-Ta sulfide r A-56

KbpOs-CcjO non-aq b 1489 Ta203 c 1 1123

Nb
2 0cj-Cr 2

0
3

non-aq b 1489 n 2003

NbH c V 1409 Ta/H c p 1466

NbF5 c n A-36 TaF 5
n A-36

Nb02F c n 1887 Ta0F
3

c n 1887

NbOF
3 c n 1887 TaCl

2
c lm 2582

NbCl 2 c n 2033 TaCl 2 .

5

c n 2033

NbClo c n 2033 TaCl 3 c 1 1149

n 2033
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Substance State Prop. Ref. Substance State Prop. Ref.

TaCl4 8 1 1149 TiCl
4
-C

6
H
6

c b 1915

TaCl
5

c i 1502 TiCl4-C 7
Hg c b 1915

lm

m
2582
1715

TiCl4-CgH10 c b 1915

g i 1149 TiCl4-C9 H12 c b 1915

TaCl
5
-TiCl4-POCl 3 c b 1155 TiCl4-C 7 Hg0 c b 1915

Ta02Cl c n 1887 TiCl4-CgH100 c b 1915

TaOCl 3 c n 1887 TiCl4-C 12H100 c b 1915

TaOBr3 c n 1887 TiCl
4
-SiCl

4
liq P 1262

TaOI
3

c n 1887 TiCl4-AlCl 3-P0Cl 3 c b 1155

TaS
2

c n 2272 TiCl
4
-NbCl 5 -POCl 3 c b 1155

TaP c i 1569 TiCl4-TaCl 5
-POCl 3 c b 1155

Ta/Bi b D-45 TiBr
2

c n 1993

TaC n A-39 TiBr
3

c n 1993

c

t

i

B-40
1123

TiBr4 c n 1993

Ta/C 1536
TIP c i 1569

non-aq p

Ta 2C 1127
TiCl4 'n(P0Gl 3 ) c a 1518

c z

c r 1797
TaSi

2 B-40
TiPGl7 0

t

b D-45
TaB2 A-36

Ti/Bi
c n

Ta/Hg D-45
TiC c ak 1458

b

Ta/Fe/O non-aq b 1281
Ti0C

6
H
8
0
6

(ascorbic acid)
aq r 1396

Ta/Rh non-aq b 1229 Ti(IV)sC
9
H
6
0
4

aq r 2221
Talr c a 1274 (7,8-dihydroxycoumarin)

Ta/Ir

TaCr
2

non-aq b 1274

2526

Ti(IV):C
9
Hg0

4
-H

2
0

(esculetin)
aq r 1811

c np

Ta/Nb non-aq V 2429
Ti (IV) :C 10HgO4 'H2 O
(4-methylesculetin)

aq r 1811

Ta/Nb/W/Mo non-aq b 1595 (p-ClC
6
H4N 2 ) 2

TiCl
6
-HCl c p 1163

57 - Titanium (P-Ci 0H7N2 )
2
TiCl

6
-HCl c p 1163

Ti c V 2151
(p-CH

3OC 6H4N2 ) 2TiCl 6 -HCl c p 1163

Ti-Ir c b 1833
TiB

2 t A-4

Ti02 n A-69
Ti/Hg b D-45

c n 2027 TiNi0
3

non-aq s 1918

y 2288 Ti/Co non-aq V 2151
Ti0

2
-H2 0 c p 2365 TiCo0

3
non-aq s 1918

Ti°
3

aq V 1825 TiCo204 non-aq s 1918
Ti04 aq V 1825 TiFe 2-ZrFe 2

c V 1373
Ti203-Al 2

0
3 c b 2050 TiFe

0

3 c 1 2446
TiO(OH)

2
c p 2482 non-aq s 1918

tif4 c n 1683 TiFe

0

3
~Fe

2
03 non-aq b 1490

349



Substance State Prop. Ref.

TiFe 2 04 non-aq s 1918

Ti/Ir c b 1833

Tilr
3

c a 1833

Ti 3Ir c a 1833

Ti/Mn non-aq V 2151

Ti/Cr non-aq b 1273

TiCr2 c b 1273

Ti/Mo/Al non-aq b 1547
b 1551

Ti/V/Al c V 2142

Ti/Nb/Cr non-aq b 1550

58 - Zirconium

Zr y A-

2

Zr-H2 w D-51

Zr-Mg p D-64

Zr0
2

t B-35

c n 1131
n 1941

Zr02-Th02-U02 c p 1805

Zr02~Ca 0-La 203 non-aq b 1511

Zr/H c w 1604

ZrH2 c n 1683
V 1759

ZrD2 c V 1759

ZrF4 i C-31
c km 2531

ZrF4-NaF c r 1853

ZrCl 3 c In 1566

ZrCl4 c n A-78

g i 1082

ZrP c i 1569

ZrC mn 015
t B-40

c ak 1458
In 2411
n 2254

Zr carbides s D-48

ZrC4°8 c p 2099

Zr(IV) :C 10N2 H16 O8 r 1538
(ethylenediaminetetraacetic acid)

ZrS104 t B-35

Substance State Prop. Ref.

ZrB2 mn 015
t A-4

c n A-36
n 1941

t 1110

Zr/Hg b D-45

ZrFe
2
-TiFe

2
c V 1373

Zr/Nb non-aq b 1218

Zr/Nb/H non-aq b 1218

Zr/Nb/Sn non-aq b 1218

Zr/Ta/W non-aq b 1225

Zr/Ti/Ta/0 non-aq b 1226

Zr inorganic and organic complexes
c z 1656

59 - Hafnium

Hf V B-34

Hf02 c km 2472

Hf

0

2
-La 2

0
3

c b 1143

HfF4 c km 2531
n 1683

HfCl
4

c n A-78
n 1099

Hfl4 c akm 1444

HfP c 1 1569

Hf/Bi b D-45

HfC mn 015
V B-34

c ak 1458

n 1521
n 2254
V 1302

z 1127

Hf/C c t 1020

HfB mn C- 15

Hf B2 mn 015
V B-34

c n A-36

Hf/Nb non-aq b 2162

Hf inorganic and organic complexes
c z 1656

60 - Scandium

Sc c k 2030
km 2088

1 2360
350



Substance State Prop. Ref.

Sc-ScClg non-aq bp 1321

Sc
2 g lr 1050

SC2O2-AI2O2 non-aq b 1332

Sc(III) rCl" aq r 1394

ScCl 3 c k 1347

ScCl^-Sc non-aq bp 1321

Sc (III) :Br" c r 1964

Scl3 1 C-27

Sc(C 5H703 ) 3
(ace tylace tonate)

c kmn 2188

ScC-^NgHgO^. 151^0
(diliturate)

c P 2262

Sc (III) jCNS" aq r 2096

ScA10
3

c a 1332

61 - Yttrium

Y c k 1750
km 2031
km 2088
1 2360
t 1665

Y-YC1 3 non-aq bp 1321

y
2 g lr 1050

YO g 1 1037

Y2°3 c 1 1037

yh
2

c V 1759

YD2 c V 1759

yf3 c n A-36

yci
3 c a 2382

k 1347
aq P 1747

yc 1 3
_y non-aq bp 1321

yc
2 g 1 1864

Y (III) tC
2
H
2
0
3

(glyoxylic acid)
aq r 1364

Y(III):C2 H2 04
(oxalic acid)

aq p 2251

Y (III) rC2H4 C>2

(acetic acid)
c r 1953

Y(III) :C
2
H40

(glycolic acid)
c r 1953

Y (HI) :C
3
H6 02

(propionic acid)
c r 1117

Y (HI) :C 3H6 0?(methoxyacetic acid)
c r 1117

Substance State Prop. Ref.

Y(III):C
3
H
6
03

(lactic acid)

c r 1238

yc4
h4 o4

(succinate)

c p 2299

Y(III) :C4H6 05
(diglycolic acid)

c V 1100

Y(III) :C4Hg02
(isobutyric acid)

aq r 1074

Y (III) :C4H803
(Qf-hydroXyisobutyric ac

c

id)

aq

r

r

r

1238

1074
2217

Y(III) :C4H8 05
aq

(O', 3 , 3 '-trihydroxyisobutyric ac

r

id)

1074

Y(III) :C
5
H
8
0
2

(ace tylace tone)
aq r

r

1428
2182

YC 8H4 07 -Group II metal citrates
c p 2416

YCglfyOy-alkall metal soln c

(citrate

)

p 2416

YC6H5 07
-HC 1-H20

(citrate)
c p 2204

Y (HI) :C
6
H10O2

(propionylace tone)
c r 1428

Y(III):C
7
H
6
04

(kojic acid)
aq r 2182

Y (HI) :C 10H10 02
(benzoylace tone)

c r 1428

Y (III) :C 2
SH4 02

(thioglycolic acid)

c r 1117

Y(III) :C 6NH5 02
(picolinic acid)

c r 1971

Y (III) :C6NH9 06
(nitrilotriacetic acid)

aq n 2105

Y (HI) :C 7
NH

5
0
4

(dipicolinic acid)
c V 1100

Y (HI) •C 10N2H18 O7
(N 1 - (hydroxyethyl)ethyl
triacetic acid)

aq r

ene diamine-N,N,
2223

N'-

Y(III):CnN2H18 08 aq
(propylenediaminetetraacetic ac

r

id)

2308

YCi2N9H6 015
- 12H2 0

(diliturate)
c p 2262

Y(III) :CNS" aq r 2096

Y (III) :H02CCH2 S (CH2 ) 2
N (CH

2
C0

2
H)

aq
2
r 1816

Y (III) :Xylenol orange aq r 2456



Substance State Prop, Ref.

Lutetium - 62
Lu q A-53

c km 2088
m 1817

V 1194

lu3 o3 V B-34

Lu(lll) :C1" c r 1963

LuC 1 ^
aq q A-53

Lu(m) :S04
_ "

c r 1963

Lu/Bi b D-45

Lu 2 (c2°4 ) 3
' 10H2 0 c P 2364

Lu (ill) :C
2
h
2
o
3

Cglyoxylic acid)
aq r 1364

Lu (III) :C
2
H204 aq r 1963

(oxalic acid) r 2364

Lu (III) :C 3H6 02
(propionic acid)

c r 1117

Lu (III) :C
3
H
6
0
3

(methoxyacetic acid)
c r 1117

Lu(III) :C 3H6 03
(lactic acid)

c r 1238

Lu (III) tC,H
6
0
5

(diglycolic acid)
c V 1100

Lu(lll) :C4h8 o2
(Isobutyric acid)

aq r 1074

Lu(III) fC4H8 03 c r 1238
(hydroxyisobutyric acid)aq r 1074

r 2217

Lu(III)sC4H8 05 aq r 1074
(o', 3,(3

T-tri-hydroxyisobutyric acid)

Lu(III) :C
5
H
8
0
2

(ace tylace tone)
aq r 2182

Lu (III) :C 7 H6 04
(kojic acid)

aq r 2182

Lu (III) rC^SfyOg
(thioglycolic acid)

aq r 1117

Lu(III) rC
6
NH502

(picolinic acid)

c r 1971

Lu(III) tC
6
NH

9
0
6

(nitrilotriacetic acid)
aq n 2105

Lu(III) :C 7
NH

5
04

(dipicolinic acid)
c V 1100

Lu(III)sC
10

N
2
H
J_ 8

O7 aq r
(N 1 - (hydroxye thy1) ethylene diamine-N,N,

2223
N'-

triacetic acid)

Lu(III):C 11N2H, 8
08 aq r 2308

(propylenediaminetetraacetic acid)

Substance State Prop. Ref.

Lu(III) :SCN"

(thiocyanate)
c r 1963

LuV04 -2H20 c p 2311

63 - Ytterbium

Yb V B-18
c a 2233

km 2088
t 1665

V 1674

Yb/Bi b D-45

Yb/0 b D-42

Yb
2
0
3

c V 2061

YbCl 2 c k 1347

liq k 1616
r 1621

YbCl 3 c a 1621

1 1347

aq q A-53
V B-30

YbAs04-(HCl,HN03
or h

2
so

4 )

c p 1495

Yb (III) :C
2
H
2
0
3

(glyoxylic acid)
aq r 1364

Yb(III):C
2
H 0

4
(oxalic acid)

aq p 2251

Yb (III) tC^H, O9 c r 1953

(acetic acid) aq r 2104

Yb (III) :C
2
H4 03

(glycolic acid)
c r 1953

Yb (III) :C
3
H
6
0
3

(lactic acid)
c r 1238

Yb (III) :C
3
H
6
0
3

(methoxyacetic acid)
c r 1117

Yb (III) :C 3
H6 02

(propionic acid)
c r 1117

YbC4H4 04
(succinate)

c P 2299

Yb (III) :

C

4H5 05
(diglycolic acid)

c V 1100

Yb(III):C
4
H
8
0
2

(isobutyric acid)
aq r 1074

Yb (III) :C4H80o c r 1238

(hydroxyisobutyric acid)aq r 1074

r 1154

r 2217

r

c
c

r

c

c

i:

c

c

c

d
c

c

352



Substance State Prop. Ref.

Yb(III) :C4
H8 05

(ay P,(3 '-tri-hydroxyis
aq r 1074

obutyric acid)

Yb(III) rC5 Hg
0
2

(acetylace tone)
c r 1257

Yb (III) :C
5
H
10

O
3

(methylethylglycolic
aq r 1154

acid)

YbC,Hr07-HCl-Ho0
(citrate;

c p 2204

Yb (III) :C
6
H
12

0
3

(methylpropylglycolic
aq

acid)
r 1154

Yb (HI) :C
6
H12 0.

(gluconic acid)
aq r 2206

Yb (III) :C
2
SH

4
0
2

c r 1117

(thioglycolic acid)

Yb (III) iC
6
NH

5
0
2

(picolinic acid)
c r 1971

Yb(III):C 6NH9 06 aq r 2105
(nitrilotriacetic acid)

Yb (III) lC
7
NH

5
0
7

(dipicolinic acid)
c r 1100

Yb (III) :C 10N2H18 O7 aq r 2223
(N' - (hydroxyethyl)ethylene diamine-N,N, N'-

triacetic acid)

Yb (III) rCnN2H18 08 aq r 2308
(propylenediaminetetraacetic acid)

Yb(IV):C
8
PH

19
0
4

(dibutyl phosphate)
aq r 2222

Yb 2C44As4N8 s4H20°28
(protonated arsenazo

c

III)
r 2037

64 - Thulium

Tm q A-53
V B-18

c V 1860

Tm2 03
V B-34

TmCl 3 aq q A-53

Tm(III) rC^C^
(glyoxylic acid)

aq r 1364

Tm(III) :C 3
H
6
0
2

(propionic acid)
c r 1117

Tm(III) :C
3
H
6
0
3 c r 1117

(methoxyacetic acid)

Tm(III) :C
3
H
6
0
3

c r 1238

(lactic acid)

Tm(III) :C4H6 03
(diglycolic acid)

c r 1100

Substance State Prop. Ref.

Tm(III) :C
4
H
8
0
2

(isobutyric acid)

aq r 1074

Tm(III) :C4H8 03 aq r 1074

(hydro xybutyric acid) r

r

1238
2217

Tm(III) :C, HgO. aq r 1074

(ay 3,3 * -tri-hydroxy is obutyr ic acid)

Tm(III) :C
5
H
g
0
2

(acetylace tone)
aq r 2182

Tm(III) :C 7 H6 04
(kojic acid)

aq r 2182

Tm(III) :C
2
SH402

(thioglycolic acid)

c r 1117

Tm(III) :G 6NH5
0
2

(picolinic acid)

c r 1971

Tm(III) :C 6NH9 06
(nitrilotriacetic acid)

aq n 2105

Tm(III) :C 7NH504
(dipicolinic acid)

c r 1100

Tm(III) :C
10
N
2
H
18

0-,

(N 1 - (hydroxyethyl) ethyli

triacetic acid)

aq r 2223
sne diamine-Nj N,N'-

Tm(III) tCn^lkgOg aq

(propylenediaminetetraacetic
r

acid)

2308

Tm(III) :H02CCH
2
S(CH2 )^(0^02^2

aq r 1816

63 - Erbium

Er c km
m

2088
1817

Er2°3 c V 2061

ErCl3 c

aq

k

P

1347

1747

Er(III) :C0
3

"“
aq r 1142

Er2 (IH) :C0
3
"'-2.5H

2
0 aq r 1142

Er(III) :C
2
H
2
04

(oxalic acid)
aq p 2251

Er (III) :C 2
H
4o2

(acetic acid)
c r 1953

Er (III) :C
2
H
4
0

(glycolic acid)
c r 1953

Er(III) :C 2H4 04
(glyoxylic acid)

aq r 1364

Er(III) :C 3H6 02 c r 1117

Er (III) :C 3H6 03
(methoxyacetic acid)

c r 1117
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Substance State Prop. Ref,

Er(III):C
3
H6 03

c r 1238
(lactic acid)

Er(III):C
4
H
5
0
5

c r 1100
(diglycolic acid)

Er(III) :C4
Hg0

2
aq r 1074

(isobutyric acid)

Er(III):C
4
H8 03 c r 1238

(o'-hydroxyisobutyric acid)

aq r 1074
r 2217

Er (III) :C4H8 0 aq r 1074
(or, 3,3

f -tri-hydroxyisobutyric acid)

Er(III) :C
5
H80

2 aq r 2182
(ace tylace tone)

Er (III) :C
7
H,0

4 aq r 2182
(kojic acid)

Er (III) :C 2SH4 02 c r 1117
(thioglycolic acid) r 1953

Er (III) :C 6NH5 02 c r 1971
(picolinic acid)

Er(III) rCgNHgOg aq n 2105
(nitrilotriacetic ac id)

Er (III) :C
7
NH404 c r 1100

(dipicolinic acid)

Er(III) :C inN„H18 07 aq r 2223
(N ? - (hydroxyethyl)ethylene diamine-N, N,N'-

triacetic acid)

Er (III) rCj aq r 2308
(propylenediaminetetraacetic acid)

ErCi 2NqH60 1 s-12H <,0 c p 2262
(diliturate)

Er(III) :CNS" aq r 2096

66 - Holmium

Ho q A-53
V B-18

c m 1817

V 1408

V 2053

Ho2 03 c V 2061

HoF
3

c n A- 36

HoC1
3

aq q A-53

HoC1 3
- 6H

2
0 aq q A-53

Ho(III) tC^O, aq r 1364
(glyoxylic acid)

Ho (III) :C2H2 04 aq r 2364
(oxalic acid)

Substance State Prop Ref.

Ho(III) :C
2
H,0

2
(acetic acid)

c r 1953

Ho(III) :C 3
H6 02

(propionic acid)
c r 1117

Ho (III) :C
3
H6 03

(lactic acid)
c r 1238

Ho(III) :C
3
H6 03

(methoxyacetic acid)
c r 1117

Ho(III) :C
4
H
6
0
5

(diglycolic acid)
c r 1100

Ho(III) :C4
H
8
0
2

(isobutyric acid)
aq r 1074

Ho(III) :C4H8 03 c r 1238
(ff-hydroxyisobutyric ac id)

aq r 1074
r 2217

Ho(III) rC^HgO, aq r 1074
- tri- hydroxyisobutyric acid)

Ho(III) :C
5
H
8
0
2

(ace tylace tone)

c r 1257

Ho(III) :C2
SH4 02

(thioglycolic acid)

c r 111^

Ho(III) :C 6
NH

5
0
2

(picolinic acid)
c r 1971

Ho(III) :C
6
NHg0

6
(nitrilotriacetic acid)

aq n 2105

Ho(III) :C 7NH5 04
(dipicolinic acid)

c r 1100

Ho(III) :C 10
N
2
Hlg O. aq r

(N ' - (hydroxyethyl)ethylene diamine-N

.

2223
N, N' -

triacetic acid)

Ho(III):CnN2
H18 08 aq r 2308

(propylenediaminetetracetic ac id)

HoV04 *2H2 0 c P 2311

67 - Dysprosium

Dy V B-18

c km 2088
m 181 7

V 2368

Dy
2
0
3

c V 2061

Dy (III) :C 2H203
(glyoxylic acid)

aq r 1364

Dy (III) :C 2 H 2 04
(oxalic acid)

aq p 2251

Dy(III):C
2
H
4
0
2

(acetic acid)

c r 1953
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Substance State Prop. Ref.

DyCHl):C
2
H
403

(glycolic acid)
c r 1953

Dy(III):C
3
H5 0?(propionic acid)

c r 1117

Dy (HI) :C 3H 03
(lactic acid)

c r 1238

Dy (III) :C 3H6
0
3

(methoxyacetic acid)
c r 1117

Dy(III):C
4
H
6
0
5

(diglycolic acid)
c r 1100

Dy(III):C
4
H8 02

(isobutyric acid)
aq r 1074

Dy(III):C4H8 0
(o'- hydroxyisobutyric

c

acid)
aq

r

r

r

1238

1074
1154

Dy(III):C H
g
0
5

aq
(o', P, 3-ttrihydroxyisobutyric ac

r

id)

1074

Dy (III) :C 5H8 02
(ace tylace tone)

aq r 2182

Dy(III) :C,Hjo03
(me thyletnyl glycolic

aq
acid)

r 1154

Dy (III) :C 6H1?
0

(methylpropylglycolic
aq

acid)
r 1154

Dy(III):C 7H8 04
(kojic acid)

aq r 2182

Dy (III) :C 2SH402
(thioglycolic acid)

c r 1117

Dy (III) :C6NH5 02
(picolinic acid)

c r 1971

Dy(III) :C 6NH9 06 aq
(nitrilotriacetic acid)

n 2105

Dy (III) :C 7NH5
04

(dipicolinic acid)
c r 1100

Dy(III) :C^QN
2
II^gO^ aq r

(N 1

- (hydroxyethyl)ethylene diamine-N,N,
triacetic acid)

2223
N’-

Dy (HI) *c iiN2
H18 08 aq r

(propylenediaminetetraacetic acid)
2308

DyC 12N9H6 01 r.l2H2 0
(diliturate)

c p 2262

Dy (III) :GNS" aq r 2096

Dy2C44As4
N
8
S
4
H20°28

(protonated arsenazo
c

III)

r 2037

DyV04 -2H20 c p 2311

Substance State Prop. Ref.

68 - Terbium

Tb n A-44

q A-53
V B-18

c km 2088
m 1817

V 1408

Tb/0 b D-42

TbCl
3

aq q A-53

TbCl 3 -6H2
0 aq q A-53

Tb (III) :C
2
H
2
0

(glyoxylic acid)
aq r 1364

Tb (III) :C
2
H
2
0
4

(oxalic acid)

aq p 2251

Tb (III) :C
3
H
6
0
2

(propionic acid)

c r 1117

Tb (III) :C 3
H
6
0
3

(lactic acid)

c r 1238

Tb (III) :C 3H6
0
3

(methoxyacetic acid)
c r 1117

Tb(III):C4H6 05 c r 1100

(diglycolic acid)

Tb(III)
(isobutyric acid)

aq r 1074

Tb (III) :C4H8 03 c r 1238
(hydro x yisobutyric) aq r 1074

r 2217

Tb(III) :C4
HgO, aq

(a, 3, f3
J - trinydroxyisobutyric acid)

1074

Tb (III) :C 2SH409
(thioglycolic acid)

c r 1117

Tb (III) :C 6NH5 02
(picolinic acid)

c r 1971

Tb (III) :C
6
NH

9
06

(nitrilotriacetic acid)
aq n 2105

Tb (III) :C 7NH5 04 c r 1100

Tb (III) :C 10N2H18 07 aq r 2223
(N' - (hydroxyethyl)ethylene diamine-N,

i

N, N ' -

triacetic acid)

Tb (III) :C 1T NoH1o 0R aq r 2308

(propylenediaminetetraacetic ac id)

69 - Gadolinium

Gd V B-18

c a 1662
m 1817

km 2088
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Substance State Prop. Ref.

Gd
2
O
3

c V 2061

GdF3 c n A- 36

GdCl
3

c q
V

2190
2439

GdAs0
4
-(HCl,HN0

3 or HgSC^)

c p 1495

Gd (III) :C
2
H
2
0
5

(glyoxylic acid)
aq r 1364

Gd (III) :C
2
H
2
04

(oxalic acid)
aq p 2251

Gd (III) :C
2
H,02

(acetic acid)
c r 1953

Gd (III) :C
2
H
4
0„

(glycolic acid)
c r 1953

Gd (III) :C 3
H
6
0
2

(propionic acid)
c r 1117

Gd (III) :C
3
H
6
03

(methoxyacetic aci
c

d)

r 1117

Gd (III) :C 3H6 03
(lactic acid)

c r 1238

GdC4H 0

(succinate)
c p 2299

Gd(IIl):C4H6 05
(diglycolic acid)

c V 1100

Gd (III) :C4Hg05
(malic acid;

aq r 2541

Gd(III) :C4H8 0,
(isobutyric acid)

aq r 1074

Gd (III) rC^HgO

(hydroxyisobutyric
c

: acid)aq
r

r

1238
1074

r 2217

Gd(III) :C4H8 05 aq
(or, 3, P'-tri-hydroxyisobutyric

r

acid)
1074

Gd(III) :C
5
H
g
0
2

(ace tylace tone)
aq r 2182

Gdc
6
H
5
o
7
- a q HC1

(citrate)
c p 2204

GdC^^O^- Group II metal citrates
c p 2416

GdCgl^Oy-alkali metal soln.

c

(citrate)
p 2416

Gd (III) :C 7 H6 04
(kojic acid)

aq r 2182

Gd (III) :C
2
SH

4
0
2

c r 1117

(thioglycolic acid)

Substance State Prop. Ref.

Gd (III) :C 6NH5 02 c r 19 7 1

(picolinic acid)

Gd(III) :C
6
NHg0

6
aq n 2105

(nitrilotriacetic acid)

Gd (III) :C
7
NH

5
0
4 c r 1100

(dipicolinic acid)

Gd (III) :CioN2 H, 8
0
7 aq r 2223

(N ' - (hydroxyethyl)ethylene diamine-N

,

,N,N'-

triacetic acid)

Gd (III) :C 11 N.H, s 0q aq r 2308
(propylenediamine tetraacetic acid)

GdCi2NqH
fi

0-, 12H? 0 c P 2262
(diliturate)

Gd(III) :CNS" aq r 2096

Gd->C44As4N8 S^i
R
9f)028 c r 2037

(deprotonated arsenazo III)

Gd^Ga^ 0^2 c a 2426

GdV04 *2H2 0 c P 2311

70-Europium

Eu V B- 18

c V 1586
t 1665

a 1862
n 1913
a 2233

Eu-HCl aq q A-41

Eu-EuC^
g 9

"C g p C-26

Eu-Na
2
0-B203-NaCl p D- 74

Eu44- aq n 1863

Eu/0 b D-42

Eu203 c q 1913

Eu(III) :C1“ c r 1654
r 1963

aq r 2091

EuC1
2

c k 1347

liq r 1621

EuC 1 ^
c a 1621

1 1347

EuS c av 1340

EuSO^ aq s 2385

Eu(III) :S04
""

c r 1654
r 1963

aq r 2180

EuSe c V 2242

EuTe c V 2242
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Substance State Prop. Re F
.State Prop. Ref.

Eu(III) :N0
3

"
c r 1654

Eu (III) :H2P02
"

aq r 2180

EuC^ gg-Eu-C P C-26

Eu(III) :C0
3

"
aq r 1073

Eu(III) :HC0
3

"
aq r 1073

Eu(III) :C 2H2 03
(glyoxylic acid)

aq r 1364

Eu(III) :C
2
H
2
0
4

(oxalic acid)
c r 1963

Eu (III) :C 3H6 02
(propionic acid)

c r 1117

Eu (III) :C
3
H
6
0
3

(methoxyacetic acid)
c r 1117

Eu(III) :C
3
H
6
0
3

(lactic acid)
c r 1238

Eu(III) :C,H
6
0
5

(diglycolic acid)
c r 1100

Eu(III):C4H,05
(malic acid)

aq r 2541

Eu(III) :C
4
H8 02

(isobutyric acid)
aq r 1074

Eu (III) :C4Hr 0, c r 1238

(hydroxyisobutyric acid)aq r

r

1074

2217

Eu(III) :C4H8 05 aq r 1074

(a, 3, P'-tri -hydroxyisobutyric acid)

Eu (III) :C
5
H
g
02

(acetylacetone)
aq r 2182

Eu(III):C 7 H.04
(kojic acid)

aq r 2182

Eu(III) :C
2
SH

4
0
2

(thioglycolic acid)
c r 1117

Eu(III) :C 6NH5
0
2

(picolinic acid)
c r 1971

Eu(III) :C
6
NH

9
0
6

(nitrilotriacetic ac
aq

id)

n 2105

Eu(III) :C
7
NH

5
0
4

(dipicolinic acid)
c r 1100

Eu(III) :C 10N2
H,

8 07 aq r 2223
(N 1 - (hydroxyethyl)ethylene diamine-N

triacetic acid)
,N,N'-

Eu(III) :CuN,H1R 08 aq r 2308
(propylenediaminetetraacetic acid)

Eu (III) :SCN" c r 1963

aq r 2180

EuV04 -21I2 0 c P 2311

Substance

71 - Samarium

Sm V B- 18

c a 1662

Sm- SmCl 3
non-aq

km
km

b

2088
2256

1321

Sm/0 b D-42

Sm
2
03 c V 2061

SmCl 2
c k 1347

liq r 1621

SmCl
3

c a 1621

SmCl 3-Sm non-aq

a

1

b

1 7 92
134 7

1321

Sm
2
(S0

3 ) 3
(dil HC1,HN0

3
and H2 S 04 )

c P 15 7 6

Sm
2
(Se0

3 ) 3
(dil HCl.HNO

3
and H

2
so

4 )

c P 1576

Sm(N03 ) 3
-H

2
0 c P 2407

SmHPgO^Q c r 1639

SmAs04-(HCl,HN03 or Hgso4 )

c P 1495

Sm(III) :C
Z
E 0 aq r 1364

(glyoxylic acid)

Sm(III) :C 2
H2 04 aq P 2251

(oxalic acid)

Sm(III) :C
2
H402

c r 1953

(acetic acid) aq r 2104

Sm(III) :C,H40„ c r 1953

(glycolic acid)

Sm(III) :C,H,02 c r 1117

(propionic acid)

Sm(III) :C 3
H
6 03 c r 111 7

(methoxyacetic acid)

Sm (III) :C,H,0. c r 1238

(lactic acid)

SmC , H/

0

4 c p 2299

(succinate)

Sm(III) :C4ll605 c r 1100

(diglycolic acid)

Sm(III) :CAHfi
0c aq r 2541

(malic acid)

Sm(III) rC4H8 02 aq r 1074

(isobutyric acid)



Substance State Prop. Ref, Substance State Prop. Ref.

Sm(IIl) :C4H8 03 c r 1238 Nd-HCl aq q A- 44
(hydroxyisobutyric acid)aq r

r

1074
1154

Nd-Na 20-B 2 03-NaCl P D-74

r 2217 Nd0-S-Nd
2
0
2
S g P C-26

Sm(III) rC^HgO^ aq r 1074 Nd
2
0
3 c V 2061

(a, (3 , P
' - tri-hydroxyisobutyric acid)

Nd
2
0
3
-HCl aq q A- 44

Sm(III) tCsHgO^ aq
(ace tylace tone)

r 2182
NdClg c k

m
134 7

2282
Sm(III) jC^H^qOo aq
(methylethyl glycolic acid)

r 1154
Nd/NdCl

3
non'-aq bp 1321

SmC
r
H5 07 -.HCl-H20 c

(citrate)
p 2204

Nd
2
S0

2
-Nd0-S c P C-26

Nd
2
(S03 ) 3

(dil HC1,HN0
3

and h
2
so

4 )

Sm(III) aq r 1154
c P 1576

(methylpropyl glycolic acid) Nd
2
(Se0

3 ) 3
(dil HC1,HN03 and h

2
so

4 )

1576
Sm(III) :C 7H,04 aq r 2182

c P

(kojic acid) Nd(N0
3
) 3

-H
2
0 c P 2407

Sm(III) :C
2
SH402 c r 1117 NdHP

30^Q
-

c r 1639

(thioglycolic acid) r 1953
NdAs0

4
-(HCl,HN0

3
or h,so4 )

Sm(III) jC
6
NH

5 02 c r 1971 c p 1495
(picolinic acid)

Nd (III) :C0
3

'“
aq r 10 7 3

Sm(III) :C
6
NH9 06 aq n 2105 r 1142

(nitrilotriacetic acid)
Nd 2 (C0,) 3 -3H?

0 c p 1142
Sm(III) :C

7
NH

5
0
4 c

fdinionlinic a.cid'l

r 1100
Nd(C 5 H5 ) 3 c km 1035

Sm(m):GioR2^1807 aq r
N (hydroxyethyl)ethylene diamine-N.N.N

2223
f _

Nd(III) :HC0
3

_
aq r 10 7 3

triacetic acid) Nd (III) :C 2H2
0
3 aq r 1364

Sm(III) rCuNjH^gOg aq r 2308 (glyoxylic acid)

(propylenediaminetet race tic acid) Nd(III) :C 2H2 04 aq p 2251

SmC^NgH^O^r ’ 12H
2 0 c

(diliturate)
p 2262 (oxalic acid)

Nd (III) rC
?
H, 09 c r 1953

Sm(III) :CNS" aq r 2096 (acetic acid) aq r 2104

Sm(III) : (H02CCH2 S (CH2 )
2
N(CH

2
C0

2
h )

2

aq r 1816

Nd(III) :C
2
H
403

(glycolic acid)

c r 1953

Sm
2
C44As4NgS4H20 02 8 c r 2037 NdC

3
H
2
0
5

aq p 2012

(protonated arsenazo III) Nd(III) :C
3
H
6 0?

c r 1117

SmV04 * 2H20 c p 2311 (propionic acid)

Nd (III) :C
3
H
6
0
3

c r 1117
72 - Promethium (methoxyacetic acid)

Pm c y 2443 NdC4H404
(succinate)

c p 2299

7 3 - Neodymium Nd(III) :C
4
H
6
0
5

(diglycolic acid)

c r 1100

Nd V B- 18
Nd(III) :C

4
H,0

5c km 2070 aq r 2541

km 2088 (malic acid)

km 2256 Nd(III) :C
4
H
6
0

(tartaric acid)
aq r 2540

V 1196
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Substance State Prop. Ref.

N'd(III) :C4Hg 02 aq r 1074
(isobutyric acid)

Nd(III) :C4H8 03 c r 1238
(Q'-hydroxyisobutyric acid)

aq r 1074

Nd (III) :C4H8 05 aq r 1074
(o', p, 3

f - trihydroxyisobutyric acid)

Nd(III) :C 5
H
g
0
2

c r 1428

(ace tylace tone)

NdC
6
H5 0 7

-HCl-H2 0 c p 2204
(citrate)

Nd (III) :C
6
Hn 0

2
c r 1428

(propiony lace tone)

Nd(III) :C 6
H12 03 aq r 1154

(methylpropyl glycolic acid)

Nd(III) :C6H12 07 aq r 2206
(gluconic acid)

Nd (III) :C inHn Oo c r 1428
(be nzoylace tone)

Nd(III) : (C03 ) (F") aq r 1142

Nd(III) :C2SH
4
0
2

c r 1117
(thioglycolic acid)

Nd (III) :C 6
NH

5
CL c r 1971

(picolinic acid)

Nd(III) :C
6
NH

9
0
6

aq n 2105
(nitrilotriacetic acid)

Nd(III) rC7NH
5
0
4 c r 1100

(dipicolinic acid)

Nd (III) :C inN2H18 07
aq r 2223

(N 1 - (hydroxyethyl)ethylene diamine-N, N,N'-
triacetic acid)

Nd (III) :CUN
2H18 08 aq r 2308

(propylenediaminetetraacetic jacid)

NdC^NqH^O, s -12 IlpO c P 2262
(diliturate)

Nd (III) :CNS" aq r 2096

Nd(III) :C
8
PH 19 04

aq r 2222
(dibutyl phosphate)

NdV04 *2H2 0 c p 2311

74 - Praseodymium

Pr V B- 18

c km 2070
km 2088
km 2256
m 1817

t 1665
V 1196

Substance State Prop. Ref.

Pr/0 b D-42

PrCl 3 c k 134 7

m 2282

aq q A-53

Pr/PrCl 3 non-aq b 1321

Pr 2 (S0o) o(dil HC1,HN03 and H2 S04 )

c p 1576

Pr2(Se03)3(dil HC1,HN0
3

and H
2
S04 )

c p 1576

Pr(N03 ) 3-H2 0 c p 2407

PrHP3Oio aq r 1639

PrAs0
4
-(HCl,HN0

3
or h

2
so
4 )

c p 1495

Pr (III) :C03
"

aq r 1142

Pr
2
(III) :C0

3
""-3H

2
0 aq r 1142

Pr (III) :C2H20
3

aq r 1364
(glyoxylic acid)

Pr (III) :C 2H2 04 aq p 2251
(oxalic acid)

Pr(III) rC^H, 0
?

c r 1953
(acetic acia)

PrC
3
H2 05

+
aq p 2012

Pr (III) :C
3
H
6
0
2

c r 1117

(propionic acid)

Pr (III) :C 3
H
6
0
3

c r 111 7

(methoxyacetic acid)

PrC4H404 c p 2299

(succinate)

Pr (III) :C4H6 05 c r 1100

(diglycolic acid)

Pr(III) :C4H6 05 aq r 2541

(malic acid)

Pr (III) :C4H6 06 aq r 2540
(tartaric acid)

Pr(III) :C4H8 02 aq r 1074

(isobutyric acid)

Pr(III) :C4Hg 03 c r 1238
(o'- hydroxyisobutyric acid)

aq r 1074

Pr (III) :C4H8 05 aq r 1074

(O', 3, 3 '-trihydroxyisobutyric acid)

Pr(III) :C
5
H
g
0
2

c r 1428

(acety lace tone) aq r 2182

PrC 6H5 07
-aq HC1 c p 2204

(citrate)
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Substance State Prop. Ref.

Pr(III) :C 6H10O2
(propionylacetone)

c r 1428

Pr (III) :C 7 H6
0
4

(kojic acid)
aq r 2182

Pr (III) :C 10H1002
(benzoylace tone)

c r 1428

Pr (III) :C 2SH402
(thioglycolic acid)

c r 1117

Pr(III) :C
6
NH

5
0
2

(picolinic acid)
c r 1971

Pr (III) :C 6NH9 06
(nitrilotriacetic acid)

aq n 2105

Pr (III) :C 7NH5 04
(dipicolinic acid)

c r 1100

Pr(III):C 10N 9 H1 s 07 aq r 2223
(N 1 - (hydroxyethy l) e thylene diamine-N,N,N '

-

triacetic acid)

Pr (III) :C,
1
N 9H1 q0o

'

aq r 2308
(propylenediaminetetraacetic ac id)

Pr (III) :H02CCH2 S (CH2 ) 2N (CH2C02
H) 2

aq r 1816

Pr (III) :C
8
PH19 04 aq r 2222

(dibutyl phosphate)

Pr/Gd V B-3
non-aq V 1740

Pr/Nd non-aq b 2256

75 - Cerium

Ce m B-31
c a 1662

km 2088
V 1586

liq k 1503

Ce (IV) aq s 1612
non-aq s 1612

s 2137

Ce02 t B-40
c 1 2092

Ce 203 V B-34

CeH
2 c V 2367

Ce( 0H) 3-H2 0 c p 2482

CeF
3

k C-20

CeCl
3 c k 1347

m 2282

p 2482

CeS t B-40

Substance State Prop. Ref.

CeS04 c P 2482

Ce (III) :S04 aq r 1622

Ce
2
(III) :S04 aq r 1592

Ce
2
(S0

3 ) 3
(dil HC1,HN03 and lUSO.)

c p 1576

Ce (OH) SO4 c p 2482

Ce2(Se0
3
) 3

(dil HC1,HN0
3

and H
9
S04 )

c p 1576

Ce(N0
3
)
3
-H

2
0 c p 2407

Ce (III) :C
2
H
2
0
3

(glyoxylic acid)

Ce (III) JC
2
H
9
0
4

aq r 1364

aq P 2251
(oxalic acid)

Ce (III) :C
2
H402 c r 1953

(acetic acid)

Ce (III) :C
2
H
4
0 c r 1953

(glycolic acid)

Ce (III) :C
3
H
6
0

(propionic acid)

Ce(III) :C
3
H
6
0
3

c r 1117

c r 1117

(methoxyacetic acid)

CeC4H4 0A c p 2299
(succinate)

Ce (III) :C,H
6
0
5

(diglycolic acid)

Ce (III) :C,H. 0
5

(malic acid)

Ce(III) :C4H8 02

c r 1100

aq r 2541

aq r 1074
(isobutyric acid)

Ce(III) :C4H8 03 c r 1238

(o'-hydroxyisobutyric acid)

aq r 1074

Ce (III) :C4H8 0s
aq r 1074

(o,

/ 3^P
, ”trihydroxyisobutyric ac id)

Ce(III) :C 6H12 03
aq r 1154

(methylpropyl glycolic

Ce (III) :C2BrH3 02

acid)

aq r 1240

(bromoacetic acid)

Ce(III) :C
2
SH

4
0
2

c r 1117

(thioglycolic acid)

Ce (III) :C6NH
5
0
2

c r 1971

(picolinic acid)

Ce (III) tC 6NH9 0,
(nitrilotriacetic acid)

aq n 2105

Ce (III) :C
7
NH

5
04 c r 1100

(dipicolinic acid)
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Substance State Prop. Ref.

Ce(III) tCi oN^Ht £<>7 aq r 2223
CN'- (hydroxye thyl) ethylene diamine-N,N, N'-

triacetic acid)

Ce(III) tC
ii
N
2
H18°8

(propylenediaminetetraj
aq r 2308

icetic acid)

CeC
12
N
9
H
6
0
15

.12H
2
0

(diliturate)
c P 2262

CeSCN++ aq r 1158

Ce/Zn bp D-60

CeZn n A-54

Ge (III) rXylenol orange aq r 2456

76 - Lanthanum

La V B-18
c a 1504

a 1662
km 2088
1 2360
t 1665

L&2 g Ir 1050

LaO g y D-43

La2^3 c s 2029
V 2061

^a2^3"U02 1 D-30

La (OH) 3 c r 1148

La(0H)
3
-H

2
0 c p 2482

LaF3 i C-35
c n A-36

LaCl
3

c k 1347
m 2282

p 2482
aq q A-53

V B-30

La/LaCl3 non-aq b 1321

LaS04 c P 2482

la (III) :S04
"“

c r 1963

La 9 (S03 ) 3 (dil HC1,HN03 and H
2
S04 )

c p 1576

La (OH) S04 c p 2482

La
2
(Se03 ) (dil HC1,HN03 andH

2
S o4 )

c p 1576

LaTe c a 2502

La3Te4 c a 2502

La(N0
3 ) 3

-H
2
0 c P 2407

Substance State Prop. Ref.

LaHP
3 0^o

aq r 1639

LaAs04-(HCl,HN03
or H

2;

so
4 )

c P 1495

LaC
2 g w 1979

La2 (C 2 04 ) 3
-HN0

3
c P 1454

la (III) :C 2H 04 c r 1963
(oxalic . acid) aq p 2251

La (III) :(^H,0
2

c r 1953

(acetic acia) aq r 2104

La (III) :C 2H403 c r 1953

(glycolic acid)

La (III) jC
3
H6 02 c r 1117

(propionic acid)

La(III) :C3Hg03 c r 1117

(methoxyacetic acid)

Ia(III):C4H6 05 c r 1100

(diglycolic acid)

La(III)4C4Hg05 aq r 2541
(malic acid)

La (III) iC4H6 0 aq r 2207

(tartaric acid)

La (III) :C4Hg02 aq r 1074
(isobutyric acid)

La (III) :CaHoOo c r 1238

(a-hydroxyisobutyric acid)
aq r 1074

r 1154

La (III) :C4H8 0 5
aq r 1074

(cv^P^P '-trihydroxyisobutyric ac id)

La (III) :C5H802 c r 1428

(ace tylace tone) aq r 2182

La (III) :C
5
H10O3 aq r 1154

(methylethyl glycolic acid)

LaCg^Oy-aq HC1 c p 2204
(citrate)

LaCg^Oy-alkali metal solution
c p 2416

(citrate)

LaC^H, 07-Group II metal citrates
c p 2416

(citrate)

La (III) :CgH10O2 c r 1428

(propionylacetone)

La (III) :C
6
H12 0

?
aq r 1154

(methylethyl glycolic acid)

La(III) SC
6
H12 0?

aq r 2206

(gluconic acid)
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Sub stance State Prop. Ref. Substance State Prop. Ref.

La (III) :C 7 H604
(kojic acid)

aq r 2182 84 - Curium

La (III) :C 10
H1002 c r 1428

Cm c a 1765

(benzoylace tone) Cm(III) :SCN aq r 1158

La (III) iC
2
SH402

(thioglycolic acid)
c r

r

1117

1953
85 - Americium

La (III) tC
6
NH

5
0

(plcolinlc acid)
c r 1971 Am z D-52

Am-Na 2 0-B203~NaCl p D-74
La (III) :C

6
NH906

(nitrilotriacetic acid)
aq n 2105

AmCl++ c r 1654

La (III) :C
7
NH

5
0, c r 1100

Am(III) :C1 c r 1963

(dipicolinic acid) AmCl3-aq HC1 c nq 1527

La (HI) :Ci 0NoH,,Ofl
c nr 1635 Am(III) :S04

“"
c r 1963

(ethylenediaminetetracetic acid) Am(III) rN03
‘

c r 1654
La (III) JC^QN2H^gO^ aq r
(N ' - (hydroxye thyl)ethylene diamine-N,N,

triacetic acid)

2223
N'-

Am(III) :C 2H2 04
(oxalic acid)

c r 1963

La (III) :G
1

aq r 2308
Am(III) :SCN c

aq
r 1963

1158
(propylenediaminetetraacetic ac id)

LaC 12NqH 0 -, s *12H2 0 c p 2262
AmC24P3H36°12 non-aq r 1814

(diliturate)
86 - Plutonium

La (III) :C 14N?
H22 08

(trans-1.2-diaminocvclol:
c nr 1635
lexane-N,N,N*,N' - Pu y D-6

tetracetic acid) y D-56

La (III) *G^gN
4
H3g0^

2 aq
( trie thylenetetraminehexaace tic

r
acid)

2218
liq

z

km
1

D-52
1920
1177

La (III) :SCN" c r 1963 g w 1113

(thiocyanate)
Pu-aq HC1 c nq 1527

La (III) :CNS aq r 2096
Pu02 c V 1342

Ia(III):C 8NSHi3 06 aq
(ho9cch2s (ch9 ) 9n (ch9co9 h) 2 )

r 1816
PuCl 3-aq HC1 c nq 1527

La? (Ill) :G, 7N 9S% 1 0i3 c r 2518
Pu (IV) :S04 c r 1653

(methylthymol blue) PuN c i 1177

La2 (m) *^
2 2^.3 ^H-j ^ 0^ c r 2037 Pu(III) :N03

"
aq r 1357

(arsenazo III)
Pu(IV) :N03

“
c r 1653

LaA103 c a 2140 PuC c t 1563

La2 03 /Al 2 03 c b 2140 Pu/C c z 1820

La
2
0
2

' 11A1 2 02 c a 2140 Pu(III) :C
2
H
4
0
2

(acetic acid)
aq r 2040

LaV04 *2H2 0 c p 2311

^a2^2^7 c a 1143 Pu (IV) :C 2H4 02 c r 1977

La 9 0 /Hf02 c b 1143
(acetic acid)

La/Y c 1 2360
Pu (III) J^HgOg
(tartaric acid)

aq r 2040

LaY g lr 1050
Pu(III) :C

6
H 0

?
aq r 2040

La
2
02/Ca0/Zr0

2
non-aq b 1511 (citric acid)

La (III) iXylenol orange aq r 2456 Pu (NO?) ?
• 3 (CH?CH2CH9CH2 ) 4

P04
aq r 1357
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Substance State Prop. Ref.

Pu/Ga non-aq b 2019

Pu/Zn c s 2529

PuZn^2 c s 2529

87 - Neptunium

Np z D-52
liq km 1920

Np02Cl aq r 2519

Np02N03 aq r 2519

Np(IV):(C
2
0
4 ) 2

* 6H
2
0 c P 1434

(oxalate)

Np (V) :Cr (H
2
0) 5

1

1

' aq 1 1085

88 - Uranium

U c a 1221
amt 1270
amt 1571

u-h2 w D-51

U-Bi liq sp D-62

U-fissium alloy c amt 1270

U+-H+ aq s 1214

U(VI) aq s 1560

u/o c pz 1828

uo
2 q A-44

c V 2145

y 1447

U0
2
-Th0

2
-Zr0

2 c p 1805

uo
2
-u liq b 1512

uo2
+ aq n 2074

uo2
++

aq n A-21
s 1214

s 1254
s 1256

z 1253

U02+x-La2
0
3

1 D-30

UO3 q A-21

q A-44
c k 1849

q 2074

U0
3
-U30g In A-21

Ws** aq z 2192

u3o8 1 2354

q A-44
c V 2146

Substance State Prop. Ref.

U
3
08 ’ xH2 0 c P 1965

U4°9 1 2354

U(IV) :0H“ aq r 1102

U0
2
(II) :0H~ aq r 2494

uo
2
(oh)uo

2

+++
c r 1981

U(IV) :F
_

aq r 1685

uf3 s D-44

uf4
n A-7

uf
6

c k 2261

UF
6
-BrF

5 g h 1761

ucif
3

c w 2100

uci
2
f
2

c w 2100

UCI 3
F c w 2100

UBr3 c V 2355

US V B-34

US
1 .

9

V B-34

US
2

V B-34

us
3

V B-34

U02S04 c t 1250

U0
2
S04 *nH2 0 c It 1250

U(S04 ) 2 *nH2 0 c n 1790

USe
2

V B-34

UN mv B-9

c n

n

A-36
1683

™1.53 V B-9

u2n3
c 1 2447

U(IV) :N0
3

"
aq r 1102

uo2 (no3 ) 2 q A-21
c p 1260

uo2 (no3 ) 2-h2 o c q 1372

uo2 (no3 ) 2-(c4h9
o)

3
po c q 2444

U0
2
N0

3
*3H

2
0 c nq 2074

U0
2
(N0

3 ) 2 *6H2
0 c nq 2074

non-aq P 1827

(NH
4 ) 2

uo4 q A-21

UP mv B-9

c 1 1570

U02
:P

2
H
2
0
5

aq r 2306

U/Bi non-aq p 2445
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Substance State Prop. Ref. Substance State Prop

.

Ref.

UC p D-62 89 - Protactinium
tv 2265

c t 2442 Pa-Th(N03 ) 4-HN0 c P 1815
V
z

1781
1676

Pa (V) : SO4 aq r 1425

U/C c b 1675
Pa (V) :N0

3

"
aq r 1425

z 1820 Pa (II) :C4
H
8
0
3

aq r 1382

uc
2 p D-62

(a- hydroxy i s obutyr ic acid)

s D-44
c t 2442

90 - Thorium

V 1781
Th c a 2064

U
2
C
3 p D-62 g In 1610

c V 1781
Th0o c km 2472

UC
2
(CH) 2

IIC.
2

'H' c r 1981 s 2029

U09
4+ :C ? Ha 0o c r 1974 Th0

2
-U0

2
-Zr0

2
c p 1805

(acetic acia)
4-4-

Th(IV) :0H
-

aq r 2169
U02 :C4H6 05
(malic acid)

aq r 2309
ThCl

4
m B-31

non-aq s 1689
U02

'M
':C4H6

0
6

(tartaric acid)
aq r 2309

Th(N0
3
) 4

b D-8

U°
2

' :C
17

H
16

0
6
-aq dioxane r 1725

Th/C c z 1820

(2-hydroxy- 2 ' ,4 '

,

4-trime thoxybenzil) ThC
2

c a 2089
1 -1

1433
kl 2487

U0
2

:C
7
SH

6
0
6

acid)
c r

1610
(5-sulfosalicylic

n 1897

U02
++

:C4NH7 04 c r 1433 s 1130

(iminodiacetic ac id)
Th(IV) :C

7
SH

5
0
5

aq r 1713

UO^^NH-nOs c r 1433 (tropolone-5- sulfonic acid)

(N-hydroxyethylimenodiacetic ac
4-4-

id)
Th(IV):(N0

3
“)(C 6

H
9
0
3 ) aq r 1705

U°2 :C 10n2
h16°8 c r 1252 (acetoacetone)

(ethylenediaminetetracetic acid)
Th(IV):Ci8N4H30O12 aq r 2218

U(IV) rCioNH-nO non-aq r 2594 (triethylenetetraminehexaacetic acid)
(salicylideneaminobenze ne)

Th(IV) :C 10NS 2
H
9
Og c r 1637

U(IV) :CnNHn O, non-aq r 2594 (l-nitroso- 2-naphthol-3, 6-di sulfonic acid)
( oaalicylideneaminophe nol)

Th (IV) :C8PH19
0
4

aq r 2222
U02 (N03 ) 2

* 2 (C4H9 ) 3
P0

4 c q 1459 (dibutylphosphate)
liq n 2444

ThSi04 c a 2234
U/Re non-aq b 1308

Th borides s D-48
URe 2 c a 1308

ThPd c a 1227
U/Mo non-aq b 1223

Th/Pd non-aq b 1227
U/Nb/Cr non-aq b 1309

ThPd 3 c a 1227

U0
3
-3Y

2
0
3

c k 1849
Th

2
Pd c a 1227

U03*3Lu203 c k 1849
Th/Zr/B/C b B-27

U03*3Ho203 c k 1849
Th/U/C b B-27

U0
3
-3Gd 2 03 c k 1849

Th/U/B/C b B-27

UC>3*3Nd
2
03 c k 1849

Th/U/Al c V 1405

U0^ * 3La
2 0^ c k 1849

Th(IV) rchromotrope 2R aq r 2576

./
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Substance State Prop State Prop Ref

.

Ref.

92 - Beryllium

Be k C-31

c km 1857

liq r 1119

BeO V B-35

y B-27

c 1 1952

Be 20 g n 2198

Be-H-0 liq n 1198

Be (II) :0H" aq r 2170

Be (OH) 2
c r 1324

BeF

liq

kn A-65
1198n

BeF„ km C-31
2

c n 1818
liq n 1198

g z 1528

BeCl g nr 1119

BeCl„ 1 C-31
2

c k 2531

liq k 2531

g r 1119

z 1528

Be3N2
c

tv

In

B-35

1914

(NH4 ) 2
BeF4-aq C

3
H
7
OH c P 2052

(NH4 ) 2
BeF^-aq C^HgOH c P 2052

Be/Bi b D-45

BeC 2 g w 1979

Be
2
C c 1 1952

Be (II) :C
7
H6 03

(salicylic acid)

aq r 2423

Be (II) :Cx 7 Hxg 05-aq dioxane r 1725

( 2 -hydroxy-2 ' ,4 '

,
4-trimethoxybenzil)

Be0.Si02
c nz 2201

2Be0.Si02 c nz 2201

Be (BO2)

2

g n 1910

B
2
O
3

” 3BeO c n C-15

Be 0" AI 2 03
tv B-35

Be0-3A1
2
0
3

V B-35

Be/W non-aq b 1272

Be 13U
c q 1170

Substance

Be/U/C b B-27

Be /Th/C b B-27

Be compounds g z 2583

93 - Magnesium

Mg 1 C-24

m B-31

y A-

2

c 1 1770

Mg-HCl c q 2280

Mg-aq HC1 c q 1527

Mg
+ aq S 1400

MgO
c

lm

s

C-24
2029

z 1546

MgO-aq HC1 c q 2340

MgO-aq HC1, aq HF c q 2340

Mg0-B203~Si02
non-aq b 1488

MgO-Al 20
3

c b 1602

MgO-CuO non-aq b 1485

MgO-Cr203-Fe203 c b 2238

MgO-MgCr204 non-aq b 1216

MgO-BaO-P20
3

c b 1264

Mg 02 W D-55

MgH
2

c n 1997

Mg ( OH)

2

z A-51

Mg(0H)
2
-H

2
0 c p 2482

MgF
2

c

1

am

C-31
2370

k 1181

km 1129

km 1956

km 2331

m 2550

n 1943

liq k 1181

g z 1528

MgCl
2

c k

m

1181
2550

liq km 2531

g z 1528

MgCl
2

“ acl HC1 c p 2164

MgCl 2
“MgBr

2
aq q A-49

MgC 1

1

2
aq q A-49
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Substance State Prop

.

Ref. Substance State Prop

.

Ref.

MgCl
2
-CaBr

2
aq q A-49 Mg(II):C 17 H 16 06 -aq dioxane r 1^25

MgCl
2
-SrCl

2
aq q A-49

(2- hydroxy- 2
'
,4 ' ,4'- trimethoxybenzil)

MgCl 2-BaCl 2
aq q A-49

MgC0
3
'Mg(0H)

2
-3H

2
0 z A-51

MgCl
2
-LiCl S D-44

3MgC 0
3

‘ Mg ( OH)
2

• 3H
2
0 z A-51

Mg(C10
4 ) 2

c q

qt

2592
18 7 3

Mg (II) :C
6
NH

9
0
6

(nitrilotriacetic .

aq

acid)

n

r

2105
2269

Mg (C 104 ) 2 ~ alcohols c q 2568
Mg(II) :C 7 NH5

0
5

c

(4-hydroxydipicolinic acid)
r 1^73

MgBr
2

c m 2550
Mg(II) :C 7 NH 7

02 aq r 2167
MgBr

2
-MgCl

2
aq q A-49 ( salicylamide)

MgBr 2 -CaCl 2 aq q A-49 Mg (II) :C 7NHu 0
5

aq r 1334

MgBr
2
- SrCl

2
aq q A-49

(aminoacetone-N,N-idiacetic acid)

Mg 1

2

c m 2550
Mg(II) :C 7 N

2
H
6
0, c

(4-aminodipicolinic acid)

r 1^73

MgS0
3
-Mg(HS0

3 )
2
-MgS04 c 1 1723

Mg(II):C
8
N
2
H
8
0
4

c r 1773

MgS04 aq h 1328 (4- (N-methylamino) -dipicolinic acid)

MgS04 -Mg(HS03 ) 2
-MgS0

3
c 1 1723 Mg(II) :C oN 2

H10 04 c r 1^3

MgS0
4
-nH

2
0 c 1 1987

(4- (N, N-dimethylamino)-dipicolinic acid)

Mg (HSO3 ) 2-MgS03-MgS04 c 1 1723
Mg(II) :C 10

N 2 H 6
Og c nr

(e thylene diamine tetraacetic acid)

1635

3Mg(0H)
2
-MgS04 -8H2

0 c nq 2114
Mg(II):C

l 3
N
?
H1004

c r 17-73

Mg(N0
3 ) 2

-KN03 b D- 15 (4- (N-phenylamino) -dipicolinic acid)

Mg(N0
3
) 2

-^H
2
0-aq HNO

3
c q 2436 Mg (I I) :Ci4N2 H22 08 c nr 1635

(NH
4 ) 2

Mg(S0
4 ) 2

-nH
2
0 c 1 1985

(trans - 1 , 2-diaininocyclohexane-N,

tetracetic acid)

,N,N' ,N' '

Mg(II):P
3
0
10 aq r 2266

Mg(Il):C 18N4H30O12 aq r 2218

Mg
3
Sb

2
c s 2015 (trie thy lenetetraminehexaace tic acid)

Mg/Bi b D-45 Mg(II) :C 7NC1H4 04 c r 1 77 3

MgC0
3

z A- 51
(4-chlorodipicolinic acid)

MgC03 -3H 2
0 z A-51

MgSi c qs 1854

MgC03 -5H2 0 z A- 51
Mg

2
Si non-aq s 23 7 6

Mg(II) :C
2
H
4
0
?

aq r 2104
Mg 2Si04 c a 1267

(acetic acid; Mg/Sn non-aq s 1346

Mg(II) :C
6
H 0

6
c r 1251

s 2024

(tricarballylic acid) MgPb c qs 1854

Mg(II):C
6
H
8 07 c r 1251 Mg/Pb liq bp D-65

(citric acid)
Mg/Al non-aq s 2024

Mg(II):C 7 H6 02
( sal icy la ldehyde)

aq r 2167
MgAl 2 04

c n 20~’ 3

Mg (II) :C 7 H6 03 aq r 2167
Mg/Al /Bi b D-45

(salicylic acid) Mg 2Al4 Si 5
0
18

c V 1531

Mg(II) :C 7 H8 02 aq r 2167 Mg/Ga liq s A- 26

(salicylalcohol)
Mg/In liq s A-26

Mg (I I) :C 9 H10 O3
(ethyl salicylate)

aq r 2167
Mg/Zn liq

non-aq
s

p

D- 60

2421

s 2024
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Substance State Prop,, Ref.

MgZn
2

m B-31
n A-54

Mg/Cd non-aq s 1348
s 2024

Mg/Hg-Au/Hg q A-23

MgCu
3
0
4

c 1 1485

MgAg y B-33

MgNi c qs 1854

MgFe
2
0
4

c r 1856

MgCr
2
0
4
-MgO non-aq b 1216

MgTi0
3 c n 2535

Mg/Zr c p D-64

Mg2Y pq D-59

Mg
24

Y
5 pq D-59

Mg/Lu p D-59

Mg/Tm p D-59

Mg/Er p D-59

Mg/Ho p D-59

Mg/Dy p D-59

Mg/Tb p D-59

Mg/Gd p D-59

Mg/Eu p D-59

Mg/Nd p D-59

Mg/Pr p D-59

Mg/Ce p D-59

Mg
2Ce 2N l2 036 c V 1474

Mg /La p D-59

Mg2^9-2^12^36 * 24H2 O c V 1474

MgU04 c 1 1217

1 1663

Mg
2
Th c 1 2147

94 - Calcium

Ca 1 C-24
c n 1722

Ca+ aq s 1400

Ca4^ z A-51

CaO lm C-24
n A-

3

Substance State Prop. Ref.

CaO c 1 2420
m 1108
n 1553
r 1564
s 1275

s 2029

z 1546

g m 1095

Ca0-P
2
0
^

aq qv A-68

Ca0-Al
2
0
3

c b 1392

Ca0-Cr
2
0
3

non-aq b 1561

Ca 0-La 203“Zr02 non-aq b 1511

Ca0-Ba0-Al
2
0
3

non-aq b 1331

CaO-slag non-aq P 1233

Ca02 w D-55

OCMU 1 C-24

Ca
2
0
2

1 C-24

Ca(OH) 2 c z 2192
aq nq A-46

Ca(0H)
2
-CaF2-CaC03 c b 2047

CaF
2 g z 1528

CaF
2
-A 1

2
c b 2409

CaF 2-Ca (OH) 2-CaC03 c b 2047

CaC 1
2

c P 2380
liq k 1138

k 1616

g z 1528

CaCl
2
-MgCl

2 aq q A-49

CaCl
2
-MgBr2 aq q A-49

CaCl 2
_CaBr

2
aq q A-49

CaC l^SrGl^ aq q A-49

CaCl
2
-BaCl

2
aq q A-49

CaCl 2-Na 2TiF 6
c b 2220

CaCl
2
-KCl s D-44

Ca (C10
4 )

2
-alcohols c q 2568

CaBr2 c mt 1031

liq mt 1031

CaBr
2
-MgCl

2
aq q A-49

CaBr
2
-CaCl

2
aq q A-49

Ca(I0
3
) 2

1 D-9

n A-3
V B-4

Ca
3
(IOg )

2
n A-3
V B-4

367



Substance State Prop. RefState Prop. Ref.

CaS 1 c-20
c 1 2550

g m 1095

CaS-slag non-aq p 1233

CaSO^-aq NaCl c p 1112

CaS04
' nF^O c p 1641

CaS 04 *|H2 0-HCl c q 1184

CaS0
4
'iH

2 0-aq NaCl c p 1112

CaS04 ’2H2 0 c q 2320

CaS04 ’2H2 0-HCl c q 1197

CaS04 -2H2 0-aq NaCl c p 1112

Ca(N0
2 ) 2

"aq HNO
3 c q 2436

Ca (NO
3 ) 2~NaN03 b D-15

Ca(N03 )
2
-KN0

3
b D-15

Ca(N0
3 ) 2

-CsN0
3

b D-15

Ca(II) :P
2
0
7

aq r 2516

Ca(II):P
3
O10 aq r 2266

r 2516

(citric acid)
c P 1744

4CaO* P2 0^ c 1 2420
s 1275

CaHP04 V B-38

c V 2083

CaHP04 *2H2 0 V B-38
c V 2082

Ca/Bi b D-45

CaC c n 1722

CaC 2 c 1m 2466

CaC0
3

z A-51

CaCO^-^O c p 1160

p 2461

CaC0
3
-Ca (OH)

2
-CaF

2
c b 2047

Ca (II) :C 2H2 03
(glyoxylic acid)

aq r 1364

Ca(II) :C
2
H 0

(oxalic acid;
aq p 2251

Ca(II) :C 2H4 02
(acetic acid;

aq r 2104

Ca(II):C
4
H
6
0

(tartaric acid)
aq r 2216

Ca(II) :C
6
H 0

(tricarballylic acid)
c r 1251

Ca(II) :C
fi

H
fi

0 c r 1251

(citric acid)

Substance

Ca(II) :C 6NHg 06 aq n 2553
(nitrilotriacetic acid) r 2269

Ca(II) :C 7NH5 05 c

(4-hydroxydipicolinic acid)

r 1773

Ca(II) :C
7
NH11 05 aq

(aminoacetone-N^N- diacetic acid
r 1334

Ca(II) :C
7
N
2
H
6
04

r 1773

(4-aminodipicolinic acid)

Ca(II) :C8N9 Hr O, c r 1773
(4- (N-methylamlno)-dipicolinic acid)

Ca(II):C
9
N
2
H10 O. c r

(4- (N^N-dimethylamino)-dipicolinic ac
1773

id)

Ca(II) tC^QN^H-^gOg c nr 1635

(ethylenediaminetetracetic acid)I r 1252

Ca(II) :C
1
,N„H

22
O
g

c

(trans-1 ,2-diaminocvclohexane-N,
nr 1635

N N f N T -

tetracetic acid)

Ca(II) :C-, gN4
H
3Q0^ 2

aq
(triethylenetetraminehexaacetic

r 2218
acid)

Ca(II) :C
7
NC1H404 c

(4-chlorodipicolinic acid)
r 1773

2Ca0-Si0
2

c a 1276

Ca
2
Si04-Ca 2

Ge 04 c b 1380

n 1837

Ca2Ge 04-Ca 2
Si 04 c b 1380

CaC
4
B
2

c a 2512

Ca0*Al 2 03
-H

2
0 c p 1311

Ca0»Al
2
0
3
~aq NaOH c p 1311

CaO*Al203
~ac

l
^32^03 c p 1311

Ca0*Al
2
0
3
-aq Na0H,Na2C 03

c p 1311

3CaO-Al2 03 c n 1553

aq n 1076

3Ca0.Al
2
0
3
-6H

2
0 c n A-61

3Ca0-Al
2
0
3
*6H20-HCl c q 1197

5CaO- 3Al 2 °3 c a 1392

3Ca0*Al
2
0
3
'CaS0

4
*nH

2
0-HCl c qn 1197

CaAlH(P03 ) 2 *6H2
0 c P 2068

3CaO.Al
2
O
3
'3CaCO

3
*30H

2
O c aq A-61

Ca
2
Al2 SiOy c V 1531

Ca/Hg c pq 1921

CaFe
2
0
4

c r 1236

GaFe^Otr c r 1236
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Substance State Prop. Ref.

CaFe
5
0
7

c r 1236

4Ca0*Al203* Fe 202 c n 1463

Ca/Mn non-aq b 1294

CaMoOg s D-7 6

CaMoO^ s D-76

CaW04 s D-76

3Ca0.W0
3

s D-76

CaT103 s D-76
c n 2536
non-aq s 2590

CaZrOg t B-40

CaMg2 m B-31
n A-52
n A-54
t B-29

CaMg(C03 )
2 z A-5

1

CaMgSi
2
0
7

c V 1531

Ca3MgSi20g c V 1531

95 - Strontium

Sr 1 C-24
c k 1330

km 1188
aq r 1060
ads k C-24

Sr-Na20-B2 C>3-NaCl p D-74

Sr+ aq s 1400

SrO 1m C-24
c z 1546

8 m 1095

SrC>2 w D-55

Sr
2
0 1 C-24

^r 2*^2 1 C-24

SrF
2

k C-20
1 C-35

c am 2370
km 1956

V 1245

SrCl2 1 C-31
1 C-35

c mt 1031
V 1245

liq k 1138
k 1616
mt 1031

SrCl 2-MgCl 2 aq q A-49

Substance State Prop. Ref.

SrCl
2
-MgEr

2
aq q A-49

SrCl 2 “CaCl 2 aq q A-49

SrC12-BaCl
2

aq q A-49

SrCl 2-LiCl S D-44

SrCl
2
-KCl c b 2474

SrCl 2
-RbCl c b 2474

SrCl 2
~CsCl c b 2474

Sr(C104 ) 2
c qt 1873

Sr (CIO^)
2
-alcohols c q 2568

SrS c 1 2550

SrS g m 1095

SrSe 1 C-14

Sr(N02 ,N03 )-Na(N02 ,N03 ) c b 1368

Sr(N02 ,N03
)-K(N02 ^N03 ) c b 1368

Sr (NO3 ) 2
-H

2
0 c q 1145

Sr(N03 )
2
-KN0

3 b D-15'

Sr(II) :P
3
010 aq r 2266

Sr
3
(P04 ) 2

-C
6
H
8
0
7

(citric acid)
c p 1744

SrHP0
4
-H

2
0 c np 1647

SrC0
3

c n 1131

Sr (II) :C 2 H4 02
(acetic acid)

aq r 2104

SrC
6
NH

6
°
6

"

(nitrilotriace tate)
aq n 2553

Sr (II) :C 6NH9 06
(nitrllotriacetic acid)

aq r 2269

Sr(II) :C7NH
5
0 c

(4-hydroxydipicolinic acid)
r 1773

Sr(II) jCyNH^qO^ aq r

(aminoacetone-N,N-diacetic acid)
1334

Sr(II) :C 7 N2H6 04 c

(4-aminodipicolinic acid)
r 1773

Sr (I I) :C8N2
H8 04 c

(4- (N-methylamino)-dipicolinic
r

acid)
1773

Sr (II) :C 9N2H10 O4
(4- (N, N-dimethylamino)

-

c r

dipicolinic ac
1773

id)

Sr(II) "CioN2^i6®8 c nr

(ethylenediaminetetracetic acid)
1635

Sr(II) :C 13N2 H10 O4 c

(4- (N-phenylamino)-dipicolinic
r

acid)
1773
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Substance State Prop. Ref.

Sr (II) :Ci4N2H2208 c nr 1635
(trans-1 .2-diaminocylcohexane-N ,N,N' ,N t -

tetracetic acid)

Sr(II) :C 7NC1H4 04
(4-chlorodipicolinic

c

acid)
r 1773

SrB 2 0^ c a 1424

SrB4 07 c a 1424

c a 1424

SrC4B2 c a 2512

3Sr0-B 2 03 »3C 5H6 06 *I2H2 0 c a 2232

3Sr0.2(NB4 ) 2 0-B203 .3C 5H6 06 -16H2 0

c a 2232

2Sr0.3(NH4 ) 5 0.B9 0? *3C;

5
H6°6’ 12H

2
0

c a 2232

SrO* 6Fe20
3

c nq 1755

7/5 Sr0.Fe
2
0
3 *HCl c nq 1755

2SrO*Fe 2 03
"HC1 c nq 1755

3SrO*Fe203-HCl c nq 1755

SrMo03 c n 1524

SrTiC^ c n 2536

SrZrOg c n 1131

96 - Barium

Ba ads k C-24

Ba-HCl n A-78

Ba-Na2 0- B2 0^
-NaC 1 p D-74

Ba
+

aq s 1400

BaO lm C-24
c s 2029

z 1546

g m 1095

Ba0-C02 c h 1101

Ba 0-Zn0-P2 03 c b 1264

Ba 0—Mg0—P2 Or^ c b 1264

BaO-Ca 0-A

1

2 03 non-aq b 1331

Ba02 w D-55

Ba
2
0 1 C-24

Ba
2
0
2

1 C-24

BaH2 n A-78

BaH2-H
2
0 n A-78

Ba (OH )

2

c i 1132
liq i 1132

aq nq A-46

Substance State Prop. Ref

.

Ba(0H) 2 -xH2 0 c 1 1132
liq 1 1132

BaF c 1 2287

BaF2 k C-20
1 C-31
1 C-35

c am 2370
km 1956
km 2129

BaCl c 1 2328

BaCl 2 1 C-31
c mt 1031
liq k 1138

mt 1031

BaCl2-MgCl2 aq q A-49

BaCl2“CaCl2 aq q A-49

BaCl2~SrCl2 aq q A-49

BaCl 2-Ba3N2 non-aq b 1771

BaCl
2
-KN0

3
b D-8

BaCl 2
« nH20 c 1 1015

BaCl 2 *2H2 0 c n 1575

Ba(C104 )2
_alcohols c q 2568

BaBr
2

c mt 1031
liq mt 1031

BaBr2-Ba3
N
2 non-aq b 1771

Bal
2

lm C-24

BaI
2
-Ba3N2 non-aq b 1771

BaS i C-20

g m 1095

Ba3N2~H20 c q 1771

Ba
3
N
2
-BaCl

2
non-aq b 1771

Ba3N2-BaBr2 non-aq b 1771

Ba3N2-BaI 2
non-aq b 1771

Ba(N03 ) 2 -H2 0 c q 1145

Ba(N0
3 ) 2-NaN03 b D-15

Ba(N0
3 ) 2

-RbN03 b D-15

Ba (N03 ) 2 *NH3 c l 2330

Ba
2
NCl-H

2
0 c q 1771

Ba2NBr-H
2
0 c q 1771

BagNIg-H2 0 c q 1771

Ba3( po4)2-c6H8°7 c p 1744

(citric acid)
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Substance State Prop. Ref. Substance State Prop. Ref.

Ba(II) ^O-^q aq r 2266 98 - Lithium

BaC 0 c lm 2467 Li k C-31

BaCO„ c n 1131 c a 1278
3 ik 1107

BaCO^-l^O c p 1453 km 1407

Ba(II) :C 2H4
0„ aq r 2104 q 1008

(acetic acid) V 2329

liq s 2569
Ba(II) :C 6Hg06 c r 1251 z 1285
(tricarballylic acid)

g j 2587

Ba(II) sC
6
H
§
0
?

c r 1251 Li-LiH tv 2278
(citric acid) 4-

Li
+

aq n 1063
Ba^XeOft* 1. 5 H9 0-0.05 BaCO?-H ?

0

c p 1316 Li2 02 w D-55

Ba(II) :C
6
NH

9
0
6

aq r 2269 LiH V B-35

(nitrilotriacetic acid) c av 1320

mtv 2278
Ba(II) :C

7
NH5 05 c r 1773 liq av 1320

(4-hydroxypicolinic acid) mtv 2278

Ba(II) :C7N
2
H60

4
c

(4-aminodipicolinic acid)
r 1773 LiH-Li tv 2278

LiOH aq r 1951
Ba(II) :CoN 0Ho 0, c r 1773

(4- (N-methylamino)-dipicolinic acid) Li0H*H
2
0 c km 1443

Ba(II) :C9N2Hiq04 c r 1773 Li^XeOg c P 2189

(4- (N,N-dimethylamino)-dipicolinic acid) LiF q A- 11

Ba(II) sCioNpH^gOo c nr 1635 q B-44

(ethylenediaminetetracetic acid) c 1 1181

liq 1 1181
Ba(II) :C-,,N9Hin0/ c r 1773

(4- (N-phenylamino)-dipicolinic acid) LiF-H2 0 q A- 11

c q 1609
Ba(II):C l4

N
2
H22 08 c nr 1635

(trans-1 .2-diaminocvclohexane-N,N,N',,N T - LiF-AlFg 1 C-31

tetracetic acid) LiF-LaFg c b 1391

Ba(II) :C 7NC1H404
c r 1773 LiF-NaF bw D-29

(4-chlorodipicolinic acid) liq q A- 6 3

BaC4B2 c a 2512 LiHF
2 q A-ll

Ba
2
B
2
Cq5H^g 024 * 5H

2
0 c P 2230 LiCl q B-44

21BaO*nFe 203 aq r 1077 t B-35

c a 1901
BaMo (>3 c n 1524 1 1181

3BaO* WOo s D-76 q 2592

V 2379
BaTi 03 c n 2536 liq 1 1181

BaTiSi 3
0
9 c y 2017 s 1961

non-aq r 1345
BaZrOo c n 1131

LiCl-(CH
3 ) 4

NCl q A-49

97 - Radium LiCl-CrCl 2
non- aq b 2565

Ra+ aq s 1400 LiCl-MgCl2 S D-44

LiCl-SrCl
2

s D-44
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Substance State Prop. Rgf Substance State Prop. RP f.

LiCl-LiN0
3 q A-79

LiCl-NaCl aq q A-49

q 1916
LiCl-Na

2
TIF

6

UC1-KC1

c b 2220

B-35t

aq q A-49
LiCl-K

2TiF 6 c b 2220
LiCl-CsN03 q A-79
LiC10

3 c a 1901
amqv 1851

liq amqv 1851
LiC10

3
-LiN0

3 c qv 1851
liq qv 1851

LiCIO/ aql± V A-79
LiC10

4-(CH3 ) 2
S0

2 P 2476

LiClO^-alcohols c q 2568
LiBr non-aq r 1345
li

2
so

4 vt B-43
c h 1492

q 1185
aq h 1328

Li
2
S04-H20 c P 2479

u 2
so

4 -h
2
o c km 1443

LiN0
3 b D-8

g 1 C-15
LiN0

3-AgN03 i D-22
LiN0

3
-KN0

3 b D-8
Li

2 (N02 ) 2 g 1 C-15

Li
2 (N03 ) 2 g 1 C-15

Lil^PC^ c a 2045
LiH

2
P0

3 -H3
P0

3 c a 2045
Li

2HP03
-H

3
P0

3
-H2 0 c P 2045

(Li2HP03 ) 2
*H

3
P0

3 c a 2045
Li/Bi c s 2094
Li3Bi c s 2094
Li

2
C0

3 liq 1 1006
Li

2
C 0

3
-K

2
C 03 tm B-38

c t 2304^
liq t 2304

LiC
2
H
3
0
2

(acetate)
aq P 2417

Li(I):C
2
H
4
0
2

(acetic acid)
aq r 2104

Li3C4H2 04
-H

3
Te0

6 c r 1190
LiC

2
H
5 :N(C

2
H
5 ) 3 c r 1315

LiN0
3
'2C0(NH

2
) 2 c a 1793

Li(I) :C
9
NH

7
0

(8-quinolinol)
non-aq r 2547

Li(I) :C 10N2H16 O aq r 2041
(ethylenediaminetetraacetic acid)

LiSCN c m 1079

Li /Si non-aq p 1578
Li

2
0-3Si0

2 c V B-34
Li

2
SiF

6 c 1 1938
Li

2
' 7 Ge

0

2 c a 2255

2Li
2
0*Ge0

2 c a 2255

3Li2 0*2Ge02 c a 2255
3Li

2
0*8Ge02 c a 2255

LiA 1

0

2 1 C-31

LiA^Og c a 2090

LiAlfy V B-35
c q 1008

Li
3
A1F

6 t B-35
c n A-

7

Li/Ni non-aq P 1578

Li/Fe non-aq P 1578

LiCl • FeCl
3-C 3

NH
3 non-aq r 2579

LiCl.FeCl3 -(C2H5 )
2
0 non-aq r 2579

Li/Cr non-aq P 1578

Li/Mo non-aq P 1578

Li/W non-aq P 1578

Li/V non-aq P 1578

Li/Nb non-aq P 1578

Li/Ta non-aq P 1578

Li/Ti non-aq P 1578

Li
2
Ti0

3 c n 2535

Li/Zr non-aq P 1578

Li2Zr03 c n 2095

LiU0
2
P04 '4H

2
0-H

2
0 c P 2477

Li/Be non- aq P 1578

LiBeF3 g P C-15

Li
2
BeF

4 n

t

A-7
B-35

g 1 C-15
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Substance State Prop. Ref. Substance State Prop. Ref.

Sodium - 99
Na c ik 1107 NaCl-HCl ps D-70

km 1407
2164km 1872

NaCl-HCl-H2 0 c P

n 1485 NaCl-AgCl n A-12
t 1248 liq q A-33

liq q
s

1045

2569
NaCl-AgCl-PbCl2 non-aq S 1694

z 1285 NaCl-CrCl
2

non-aq b 2565

g w 2457
A-49

z 1803 NaCl-LiCl aq q

q 1916
Na-H„0 liq 1 2560

z NaCl-NaBr liq q A-33
Na-Zn liq p 1305 aq q A-49

Na+ aq n 1063 NaCl-NaN0
3

liq q D-22

Na/O c b 1946 aq q A-49

NaO-Na c P 1739 NaCl-NaH
2
P04-H2

0 c p 1359

Na
2
0 V B-35 NaG 1-sodium polyborate liq b D-74

Na20-Se02 _H20 c p 2205 NaCl-Na
2
TiF

6
c b 2220

NaoO-BoO -NaCl b D-74 NaCl-KGl P D-29
z -3

aq q A-49
Na

2
°
2

w D-55
q A-79

NaH V B-34 q 1916

c 1 2559 NaCl-KCl-H
2
0 c p 1359

NaOH q A-46 NaCl-KCl-CdCl 2 c b 1831
aq n 1083 non-aq bs 1498

n 2280
n 2492 NaCl-KBr aq q A-49

q 1120 NaCl-KN03 aq q A-49

Na0H-H20 c 1 2560 NaCIO- c a 1901
p 2215 n 1338

NaOH-Na

p 2246
NaC104 c n 1534

c p 1739 q 2592

NaOH-KOH-H
2
0 c p 2215 aq V A-79

NaOH-KgFe (CN) g-luminal n A-31 NaBr a D-15

ps D-39
NaF q B—44 c r 1996

c a 2525 V 2060

NaF-ZrF
4

c r 1853 aq q 1799

NaF-LiF bw D-29 NaBr-TIBr b D-15

liq q A-63 NaBr-NaCl liq q A-33

NaF-KF bw D-29 aq q A-49

Na
2
F
2

c n 1853 NaBr-NaI-H
2
0 c p 1350

NaCl q B-44 NaBr- sodium polyborate liq b D-74

c a 1619 NaBr-KCl aq q A-49
a 1901

A-491 1147 NaBr-KBr aq q

V 2379 NaBr-KI-H2 0 c p 1350
V 2489

liq s 1961 NaBrO g n 1799

amorph q 1069
aq by D-73

q A-46
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Substance State Prop. Ref.

Nal q B-44
c q 2592

Nal-CHgOH

V
V

V

1193
2060

B-45

Nal- (CH3 ) 2C0 V B-45

Nal-aq C4
Hg0

2 q B-45

Nal-C
2
NH

5
0 q A-19

NaI-C3NH
7
0 nq A-19

Nal-sodium polyborate liq b D-74

NaI-NaBr-H
2
0 c P 1350

NaI-NaI0
3
-H

2
0 c P 1419

NaI-KBr-H
2
0 c P 1350

NaI-KI-H
2
0 c P 1350

NaI0
3

c mv 2440

Na
2
S c n 1534

Na
2
S0

4
V B-23

c h 1492

Na
2
S04-KCl-K2

SC>4_H
2
0 c P 2051

Na
2
S0
4

* 10H
2
0-Na

2
S0

4
-KCl--h

2
o

c P 1726

NaS0
3
F c P 1204

NaSe0
3

c n 1481

Na„SeO„ c n A-79
aq n 2131

Na
2
Se0

4
c n 1667

Na2Se04 *10H2
0 c n 1667

NaH
3
(Se03 ) 2

c V 2396

Na
2
Te0

3
c n 1679

Na
2
Te0

3
«5H

2
0 c n 1679

NaN0
2

mv B-14
c bv 1375

Na(N02 ,N03)-Sr(N02
,N0

3 ) c b 1368

NaN03 V b D-8

c r 1996

g i C-15
amorph q 1069

NaN03-AgN03 i D-22

NaN0
3
-Ca(N03 )

2
b D-15

NaN03“Ba(N03 ) 2 b D-15

NaNO -NaCI liq q D-22
aq q A-49

Substance State Prop. Ref.

NaN0
3
-KN0

3
aq q A-49

Na2 (N02 )
2

g 1 C-15

Na
2
(N0

3
)
2 g 1 C-15

NaP0
3

c bt 2337

Na
3
P°4 V B-9

Na
3
P
3
O
g

V B-9

Na
4
P
2
0
7 V B-9

c a 1573

Na
4
P2°7*'Mo0

3
c b 1573

Na5 p3°10 V B-9

NaH
2
P04 V B-9

NaH2P04-NaCl-H20 c p 1359

NaH
2
P0

4
-KH

2
P0

4
-H

2
0 c p 1359

Na
2
HP0

3
-H

3
P0

3
-H

2
0 c p 2214

^2^2^ 2 ^7 V B-9

Na/Bi non-aq s 1310

Na
2
C0

3
liq 1 1006

aq nq A-46

Na2C03-K2
C0

3
t B-37

c amt 2304
liq amt 2304

NaC
2
H
3
0
2

(acetate;
c b 1457

Na(I) :C
2
H
4
0
2

(acetic acid)
aq r 2104

NaC 7H5 0 -H
2
0

(salicylate)

c q 1094

NaC
g
H
7
O^dCl-l^O)

( O'vanillan)
c n 1114

NaC
g
H7

03- (Na0H-H2 0)
(•O-vanillan)

c q 1114

^a
2
G
4
H4°5

(diglycolate)
c q 1100

NaCN mv B-14

NaC6N3
H
2
0
7
-CH

3
0H mp C-37

Na(I) :C inN 9
H,

6 0Q aq r 2041
(ethylenediaminetetraacetic acid)

Na
2
C
7
NH

3
0
4

(dipicolinate)
c q 1100

NaSCN-alkali halides q D-22

Na/Si amorph V 2160

Na2 0* Si0
2

V B-34
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Substance State Prop. Ref, Substance State Prop, Ref.

Na 0 0-SiO„-HoO p 2313 Pd (II) :Na
2
C 16AsN2

S
2
H

Q
0

1(

(sodium 1- (

0

arsonopneny p
aq r 2542

2065
lazo) - 2 --naphthol

Na2-i2^5 c a 3,6-disulfonate) ("Thoron")

Na2 0-3S102 V B-34
Na

2
S 0

4
-MnS 04

- 2H
2
0 c 1 1015

Na silicates - alkali ba lides q A-51 Na2MnC^QH^ 2N 2
0g • 6H2 0 c P 1366

NaPb non-aq S 1310 (e thy lenediamine tetraacetate)

Na/Pb/Bi non-aq s 1310 NaRe O4 c qv 2196

aq V 2515
Na 9PbC 1 n H-| 9N9 0« -4H9 0 c p 1366

Na
2
Cr0

3
-H 2

0 1211
(ethylenediamine tetraacetate) c q

NaBgOg* 5H2 0 c V 2111 NagCrClg c a 1619

liq V 2111 NagGr (C 2 04 ) 3
' 3H

2
0-H

2
0 c q 1211

N32B40-7 c a 1573
Na 9MoO. c h 1492

Na
2
0* 2 B

2
0
3

'

10H
2
0 c b 1509 MoFg • 2NaF c 1 2185

NaB(OCH3 ) 4
V B-19

Na 2Mo02 :C 2H403 aq r 1411

Na/B/Si amorph V 2160 (glycolic acid)

Na polyborate-NaCl b D-74 Na 2 B40y‘Mo03 c b 1573

Na polyborate-NaBr b D-74 Na
2
W04 c h 1492

D-74
aq q 1799

Na polyborate-Nal b

WFg • 2NaF c 1 2185
Na/Al P D-29

NaA102 V B-34
Na 2

W0
2
:C 2H403

(glycolic acid)

aq r 1411

NaAlF
4

m C-15
3NaCl*VCl

3
c n 2202

NaF: (A1F
3
) liq r 1036 NaCl*NbCl

5
c In 2373

NaAlCl
4

w D-55 H 0— n 2202

NaAlSi
3
0
g
-KAlSi

3
0g b A-5l)

' NaCl ‘ NbOC! 3 1 1147

q A-71 n 2202

ZnS 04 'Na 2 S 04
* 2H20 c i 1015 NaTaClg c n 1477

Na9 ZnC-| nH12Na°8'^H9° c p 1366 Na
2
TiF

6
-CaCl

2
c b 2220

(e thylenediamine tetraacetate) Na 2TiF 6
-LiCl c b 2220

Na
2
CdC^QH-^

2
N
2
0g* 4H.20 c

(ethylenediami ne tetraacetate)
p 1366 Na

2
TiF

6
-NaCl c b 2220

Na9CuC inH1

0

N o 0q -4Ho 0
Na 9TiF,-K9TiF fi

c b 2220
c p 1366 Z 0 Z D

1853
(e thylenediamine te traace tate

)

NaZrF
5

c n

NiSC4*Na2S04 '2H2
0 c l 1015 Na 3ZrFy c a 2247

Na2NiC t nH-, ,N 9 08 • 3H2 0 c p 1366 Na 2
ZrCl

g
c 1 1082

(e thylenediamine tetraacetate)
S<}F

3
NaF c b 2281

CoS04‘Na2
904*2H

2
0 c l 1015 Na2ScF 3

c a 2281

Na
2
CoC 10H, 2

N
2
0
g
*4H

2
0 c

(ethylenediamine tetraacetate)
p 1366 NaG2Hg 02 * LaCl^

(acetate)

c n 2136

NaFe02 V B-35 NaC2H^02 * LaCl^ c n 2136

(Na^P
) 2
FeO c n A-7 (glycolate)

NaFeCl
4 g In 2079 UFg • 2NaF c 1 2185
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Substance State Prop. Ref, Substance State Prop. Ref.

NaU02P04 .3H2 0 c P 2477 KF q B-44

Na
2
BeF^

c am 2525
c a 1241 n 2027

a 2247 aq p 1749
kmv 1323

Na
2
BeF

4
-H20

NapMgCi qH-| 2N 2 0r • 5H^

c mq 1404
kf-c

2
nh

5
o

KF-NaF

q

bw

A-19

D-29
0 c P 1366

( e thy le ne d iamine t e traace ta te

)

KCl-NaCl-KjNa feldspars b A- 2 2

Na 2TiF6
*2CaCl

2
c a 2220 KF-KC1 aq q A-49

2Na
2
TiF

6 *CaCl 2 c a 2220 KF-KBr aq q A-49

2Na
2
TiF

6
* 12CaCl

2
c a 2220 kf-kc

2
h
3
o
2 aq q A-49

Na3 Li3Al 2F ^ 2 c n A-

7

KC1 lm C-ll

Na2TiF 6
*LiCl c a 2220

q
t

B-44
B-35

Na2TiF 6
*
2LiGl c a 2220 c a 1619

a 1792
Na

2
TiF

6
* 8LiCl c a 2220 a 1901

Sodium fozhazite y C-38 a 2382

k 1181

100 - Potassium n 1337

q A-76
K

j D-75 q 2074

t B-42 q 2084

c jkv 2438 q 2106

ik 1107 V 2016

km 1407 V 2379

km 1872 liq k 1616

n 1485 s 1961

V 1018 aq q 1087

V 1532 V 1523

liq a D-75 KCI-H9 O c q 1916
kmv 1018

q 1950
q 1045

q 2280
S 2569
z 1285 KCI-HCI-H2 O c P 2164

g j 1018 KC1-HC00H c q 1261
z 1803

aq r 1060 KCl-aq C,H
g
0
2

c q 1246

non-aq r 1059 (dioxane)

K
+

aq n 1063 KC1-C 2NH5 0 q A-19

K/0 c b 1946 kci-(ch3 ) 4nci aq q A-49

KO2 w D-55 KCl-PbCl
2

c b 2474

c n A-49 non-aq p 1385

K03 w D-55 KCl-GaCl
3

non-aq b 2538

k
2
o2 w D-55 KC1-T1C1 b D-15

c n 2561 KCl-CdCl
2

liq q A-59

KH c 1 1413 KCl-AgCl non-aq p 1879

KOH aq q 1087 KCl-CrCl
2

non-aq b 2565

K0H-H2 0 c p 2215 KCl-CaCl
2

s D-44

KOH-Na OH-H
2 0 c p 2215 KCl-SrCl 2 c b 2474
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Substance State Prop. Ref.

KCl-LiCl t B-35

aq q A-49

KCl-NaCl p D-29

aq q A-49

q A- 7 9

q 1916

KCl-NaCl-H20 c p 1359

KCl-NaCl-CdCl 0 c b 1831

non-aq b 1498

S 1498

KCl-NaBr aq q A-49

KC1-KF aq q A-49

KCl-KBr liq q A-33

KCl-K
2
S04-Na 2

S0
4
-H

2
0 c p 2051

KCI-KNO3 aq V 1523

kci-kh2po4
-h

2
o c p 1359

kci-kc
2
h
3
o
2 q A-49

KCl-RbCl liq a A-33

KC10, c a 1901

n 1338

KC10, py A-79
Hr

c n 1337

q A-62
r 1397

KC10
4
- (CH

3 ) 2
S0

2 p 2476

KBr 1m C-ll

c p 2004
V 1193

V 2379

aq p 1362

KBr-C2NH5
0 q A-19

KBr-NaCl aq q A-49

KBr-NaBr q A-49

KBr-NaI-H
2
0 c p 1350

KBr-KF aq q A-49

KBr-KCl liq q A-33

KBr-KI-H
2
0 c p 1350

KBr-KC
2
H
3
0
2

aq q A-49

KBr5 0g
.4H

2
0 c V 2111

KI a D-15

q B-44
c V 1193
non-aq p 1327

KI- (CH
3 ) 2 S02 p 2476

Substance State Prop. Ref.

ki-c
2
nh

5
o q A-19

KI-NaBr-H2
0 c p 1350

KI-NaI-H
2
0 c p 1350

KI-KBr-H20 c p 1350

KI-KI0
3
- H2° c p 1419

k2 s
mt B-36

K
2
S0

4
t B-43

c h 1492

K
2
S 04

-Na
2
S 0

4
-KCl-H

2
0 c P 2051

kso
2
f c 1 1133

K2 Se 04
c q

n
1244
2289

K(N0
2
,N0

3
)-Sr(N0

2
,N0

3
) c b 1368

KNOo ab D-8
J

c V 2379

aq V 1523

KN03-(CH3 ) 2
S0

2
p 2476

KN0
3
-AgN0

3
b

i

D-8

E-22

KN03-Mg (N0
3 ) 2

b D-15

KN0
3
-Ga(N0

3 )
2

b D-15

KN0
3
-Sr(N03 ) 2

b D-15

KN03-BaGl 2
b D-8

KN03-LiN03
b D-8

KN0
3
-NaCl aq q A-49

KN0
3
-NaN0

3
aq q A-49

kno
3
-kci aq V 1523

KH2P04-NaH2P04
-H

2
0 c p 1359

kh
2
po4-kci-h2

o c p 1359

KCg c n 2270

non-aq n 2155

K^CO^-Li/jCO^ mt B-38

c t 2304

liq t 2304

K2C 0^ —Na 2C 0^
t B-37

c amt 2304

liq amt 2304

K2C 2 04 * 2H2 0 c n 1212

KC 9H^q
(Cumyl potassium)

n A- 10

kc2h3 o2
c b 1457

(acetate)
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Substance State Prop, Ref.

kc 2 h302-kf aq q A-49

KC
2
H
3
0
2
-KC1

(acetate)
aq q A-49

KC
2
H
3
0
2
AKBr

(acetate)
aq q A-49

k
2
cs

3
*h

2
o c 1 2143

KSCN c a 1210

am 1243

K
2
0-2Si0

2
c V B-34
amorph V B-34

K
2 0.4Si02

amorph V B-34

K silicates-alkali halides q A-51

KB5 08 -4H20 liq V 2111

kbh4 c V 2113

kaih2 c 1 1413

KAIH4 c 1 1413

KAlSi 3 08-NaAlSi3 08 b

q

A-51
A-71

H
2
KAl 3 (Si04 ) 3

c a 1555

KAl 3Si3 O10 (0H) 2 c

non-aq
t

n
1461

1039

K
2
0*Al

2
03*4Si02-Si02-Al2°3

non-aq b 2159

KGaCl4 c a 2538

K2Ga2Cly c a 2538

K2Zn(S04 ) 2 *nH2 0 c 1 1984

K
2
CuC

1

4
‘2H

2
° c av

V
1191
2428

K
2
Cu (S04 J 2

• nH20 c 1 1984

K2Ni (S04 ) 2
• nH2 0 c 1 1984

KCoF
3

1 C-35

K2Co(S04 ) 2
*nH

2
0 c 1 1984

K2Fe(S04 ) 2
-nH

2
0 c 1 1984

K
3
Fe(CN)

6
-NaOH-Luminal or H

2
O
2

n A-31

KFeZni^CeNg non-aq 3 2186

K
2
FeCdC

6
N
6

non-aq S 2186

K2FeCu2CgN8
non-aq S 2186

KPdCl,
4

c 1 2010

K
2
PtCl4 nq A- 7 5

E^PtClg V B-43

KPtNH
3
Cl

5 V B-43

Substance State Prop. Ref.

KMnF
3

1 C-35

KTc0
4 V B-36

aq q A-63

K
2
ReBr8 V B-36

KCrCl3 c a 2565

K
2
CrCl

4 c a 2565

K3CrCl 6
c a 1619

K
3
Cr

2
Clg c a 1619

K
3
Gr(G

2
0
4 ) 3

*3H
2
0 c n 1212

K
3
Cr (C2

04 ) 3 • nH2 0-H2 0 c q 1211

3KC1 * VC1 3 c n 2202

KCl-NbCl5 c In

n

2373
2202

KCl«NbOCl
3 c 1

n

1147

2202

2KCl*Nb0Cl3 c 1

n
1147

2202

KTaGl
6

c n 1477

K2TaCl5 c a 2009

K
2
TiF

6
c n 2027

K
2
TiF

6
-LiCl c b 2220

K
2
TiF 6-Na 2TiF6 c b 2220

k3yci 6 c a 2382

KSm
2
Cl 7 c a 1792

K-jSmClg c a 1792

KCl*NdCl
3

c 1 2010

3KCl*NdCl
3

c it 2279

3KCl-2NdCl
3

c it 2279

3KCl-PrCl
3

c it 2279

3KCl-2PrCl
3

c it 2279

KCl*GeCl3 c 1 2010

KCl*3CeCl3 c it 2279

3KCl*CeCl3 c it 2279

3KC1 -206013 c it 2279

KOI •LaCl
3

c 1 2010

KOI • 3LaCl 3 c it 2279

2KC1 • LaGl
3

c it 2279

KU0
2
P0

4
*3.5H20-H

2
0 c p 2477

K
2
BeF4 c bqv 1605
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Substance State Prop. Ref.

KMgCl
3

3 D-44

K^lg (S04 ) 2
' nH

2
0 c 1 1984

K2Mg2(S04 )
3

c a 1763

K
2
Mg

2
(S04 ) 3

-K2Ca2
(S0

4 ) 3 non-aq b 1763

K9MgC 10H12N2 0ft
.5H9 0 c P 1366

(e thylenediamine tetraacetate)

KCaCl
3

s D-44

K
2
Ca2 (S04 ) 3

-K2Mg2 (S04 ) 3
non-aq b 1763

KSrCl
5

s D-44

K
2
SrCl4 s D-44

3KN0
2
*2Sr(N0

2
)
2

c a 2008

K
2
BaCl

4
s D-44

K
2
TiF

6
-2LiCl c a 2220

K
2
TiF

6
*10LiCl c a 2220

K/Na g z 1803
non-aq p 1872

3KCH3COO- 2NaCH3COO SS b 1457

KNa feldspars b A-22

101 - Rubidium

Rb P C-17
c km 1407

V 1532

V 2329
liq kz 2405

q 1045
S 2569
z 1285

aq r 1060

Rb-B
2
0
3-Na2

0-NaCl p D-74

Rb0
2 w D-55

c n A-49

Rb
2
0 p D-74

Rb2 O
2

w D-55
c n 2561

RbF c a 2525

RbF-NaF bw D-29

RbF.nH 2 0-H2
0 c b 1390

RbCl a D-15

q B-44
c a 1792

a 1901

p 2380
V 2379

Substance State Prop. Ref

.

RbCl-H
2
0 c q 1093

RbCl-HCOOH c q 1261

RbCl-PbCl
2

c b 2474

RbCl-TICl b D-15

RbCl-CrCl
2

non-aq b 2565

RbCl-NbOCl
3

non-aq b 1187

RbCl-SrCl 2
c b 2474

RbGl-KCl liq q A-33

RbC 1

0

3 c a 1901

RbBr a D-15

c p

q

2004
1993

RbBr-TIBr b D-15

RbBr-AgBr non-aq p 1385

Rbl q B-44

Rbl-C
2
NH

5
0 q A-19

Rbl-C
3
NH

7
0 qn A-19

Rb
2
S 04 t B-43

Rb 2 S04-PbS04 c b 1672

Rb
2
S04-Cs 2

S0
4

c b 1672

Rb 2 S04-Cs 2
S04-PbS04 c b 1672

Rb
2
Se0

4
c n 1471

RbTeI
&

c a 1942

RbN03-Ba(N03 ) 2
b D-15

RbCg non-aq n 2155

RbC
2
H3°2

(ace tate)

c b 1457

RbCN nrv B-14

Rb 2 GeCl6 c 1 1583

Rb 2S04 *2PbS04
c a 1672

RbB02 1 A-72

Rb2ZnCl^-H20 c nq 1093

Rb
2
ZnBr4 q A-15

Rb
2
CoCl4-H

2
0 c nq 1093

Rb 2PtCl4 nq A-75

RbPtNH3Cl 3
nq A-75

Rb 2Cr04 c a 2533

Rb
2
Cr04-PbCr04

non-aq b 2533

RbCrCl
3

c a 2565
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Substance State Prop, Ref.

Rb
2
CrCl

4
c a 2565

Rb
2
Cr2PbOg c a 2533

Rb
2
Mo 0

4
c a 2533

Rb
2
Mo04-PbMo04 non-aq b 2533

Rb
2
Mo04 -PbMo04 c a 2533

Rb
2
W04 c a 2533

Rb2W04-PbW04 non-aq b 2533

Rb 2
W
2
PbOg c a 2533

3RbCl. VCI 3 c n 2202

RbCl*NbCl
5

c n 1136

n 2202

RbCl*NbOCl 3 c a 1187

2RbCl*Nb0Cl
3

c a 1187

RbTaClg c n 1136

R^TaCl^ c a 2009

Rb
2
TaCl

6
c a 1796

RbTIBrg c n 1993

Rb
2
TiBr c n 1993

Rb 3TiBr 6
c n 1993

RbgTi
2
Brg c n 1993

RbSm
2
Cl-y c a 1792

Rb
3
SmClg c a 1792

RbU0
2
P0

4
*H

2
0 c p 2477

3RbN0
2
-2Sr(N0

2 )
2

c a 2008

RbF/NaF bw D-29

102 - Cesium

Cs j D-75

c km 1407

nrv 1019
n 1485

V 1532

V 2329
V 2398

liq a D-75
kz 2405

q 1045

S 2569
V 1019

z 1285

g w 1172

aq r 1060
ads k C-24

Gs-Na2 ^"^2 P D-74

Substance State Prop. Ref.

Cs
+ aq n 1063

Cs0
2

c n A-49

Cs
2
0
2

c n 2561

<^s
2

<^3~®2*->

3
c b 2475

CsF c am 2525

q 2366

CsF-H
2
0 c b 2046

CsCl 1 C-31

q B-44

c a 1901

a 2538
a 2565

V 2379

CsC1-H2 0 c q 1093

CsCl-PbCl
2

c b 2474

CsCl-GaClg non-aq b 2538

CsCl-CrCl
2

non-aq b 2565

CsCl-NbOCl 3 non-aq b 1187

CsCl-SrCl
2

c b 2474

CsC1-L1N03 q A-79

CsC1-CsN03 q A- 7 9

CSCI 3 c a 1792

CsClOo c a 1901

q 1995

CsC104 py A-79

CsBr V B-14

c a 1795

q 1993

Csl lm C-24

q B-44

c a 1794

q 2191
S 2000

CsI-C 2NH5 0 nq A-19

CsI-C
3
NH7 0 nq A-19

Cs 2 S
0
4
-Rb

2
S 0

4 c b 1672

Cs 2
S 04-RbS 04~PbS 04

c b 1672

Cs
2
Se 04 c n 1575

liq nq 1575

CsN03-Ca (N0
3 ) 2

b D-15

CsCg non-aq n 2155

Cs
2
C 03 c a 2245

CsCN mv B-14
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Substance State Prop. Ref. Substance State Prop. Ref.

Cs2GeCl

^

c 1 1583 Miscellaneous

CsPbCl
3

c s 2514 Acids z 1259

C32 B
2 0^ c a 2475 Air liq a D-14

Cs
2
0-3B

2
0
3 c a 2475 g V 1877

w 1540
Cs20 - 5B

2
0
3

c a 2475

CS 2 O* 9B2
0
3

c a 2475
Air plasma g z 2546

Alkali halides c a 1881
CsGeCl,

4
c a 2538 aq q A-79

C s
2 2

nC H
2 0 c nq 1093 Alkali halides - NaSCN q D-22

Cs
2
ZnBr^ q A-15 Alkali halides - Na.K silicates q A-51

CsBr *CdBr
2

c a 1795 Alkali halides (molten) non-aq Z 1933
2CsBr*CdBr2 c a 1795 Alkali halide binary solid solutions
2CsI.CdI

2
c a 1794 b 2236

Cs
2
C 0C 1^—

H

2 0 c nq 1093 Alkali matals c k 1503

Cfl[PtCl
4 ] nq A-7 5 M(Cl,Br) mixtures liq P A-22

CsPtNH
3
Cl

3
nq A-75

(M = Li,K,Na,Mg,Ca)

Alkali nitrates b D-22
Cs

2
Cr04 c a 2533 (Na,K,Rb,Cs)N03 (liq)-Tl(Cl,Br,I)

Gs2Cr04-PbCr04 non-aq b 2533 Alkalis z 1259

CsCrCl
3 c a 2565 Alloys liq V 1542

Cs2Cr
2
Pb0

4 c a 2533 Aqueous three-component electrolyte solutions
Cs

2
Mo04 c a 2533 z 1900

Cs2Mo0
4-PbMo04 non-aq b 2533 Aqueous solutions V 2152

c a 2533 Atomic radii w 2107

Cs 2
W04-PbW04 non-aq b 2533 Binary metallic solutions z 1891

CsNbCl
2 c n 1136 Calorimeter, solution 1883

CsCl *NbCl 5 c n 2202 Calorimetry calculations 2571

2CsCl.NbOCl
3 c a 1187 Calorimetry, radiometric 2573

CsTaClg c n 1136 Carbides of the NbC and TaC type n A-78

Cs2TaCl
4 c a 1796 Cements c q 2042

Cs2TaCl5 c a 2009 Chlorides Z 1259

cs
2
tici

6
c 1 1440 Clay amorph V 2505

cs
4
tici 8 c 1 1440 Clay-H

2
0 amorph V 2505

CsTlBr
3 c n 1993 Clays, substituted montmorillonite y 1871

Cs2TiBr^ c n 1993 Comp 1ex- forma t ion z 1473

Cs3TiBr
6 c n 1993 Concrete c y 1737

c n 1993 Diatomic complexes c m 1753

CsSm
2
Cly c a 1792 Dimerization constants z 1766

CsgSn^Clj, c a 1792 Dissociation constant calculations: acids

CsN0
2
-Sr(N0

2 ) 2 c a 2008
and bases 2574
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Substance State Prop. Ref.

Donor solvent? z 1259

Dowex A-l r 1907

Electrode potentials-HF s 2124

Emulsion stabilizers liq P 2296

Equation of state for gas mixtures 2575

Group III A metal ionsiCqNHyO
non-aq r 2547

(8-quinolinol)

Group IV-Group VI molecules
c 1 2043

Halides g z 1625

Halide mixtures, binary q A-47

Hastelloy alloy X c V 2081

Heat resistant alloys V 2018

Hydrides z 2404

Hydrogen plasma w 1729

Hydroxides c r 1880

Inorganic ion exchange materials py D-20

Inorganic systems, review thermodynamic data
2572

Isothermal jacket titration calorimeter
z 2172

q A-76

t 2291

nz 1908

nz 1908

nz 1908

r 2210

nz 1908

nz 1908

nz 1908

nz 1908

nz 1908

nz 1908

nz 1908

nz 1908

z 1439

az 1289

Substance 1 State Prop, Ref.

Monatomic elements liq i 1867

Mono-and polyatomic ions c

(71 compounds)
V 1195

Monovalent chlorides-Multlvalent chlorides
bz 2048

Montmorillonite 1 2235

Neutralization potentiometry z 1852

1962 He3 scale of temperatures 2118

Oxides z 1259

Oxidizing and reducing agents z 1259

IPortland cement c n

q

1545

2042

Rare earths c km 2498

Rare earth carbonates-H20 c P 1422

Rare earth chalcogenides z 2259

Rare earth garnets V B-26

Rare earth iodates-^O c p 1422

Silicates b D-74

Silicone oil V B-35

Solutes in liquid sodium
c p 2128

Steels/Pb non-aq p 1483

Substances involving elements with atomic
numbers 1-18 g w 1401

Thermal bimetallics non-aq V 1299

Tin aliphatic hydrocarbon mixtures
h D-ll

Tin, Silicon aliphatic hydrocarbon mixtures
b D-ll

Transition metal refractory carbides
c z 1283

Trialkyl tin chlorides-picoline nr A-18

Uraninite-^O c p 2300

Uraninite-acid sulfate c p 2300

Uraninite-Na2C 0g c p 2300

Vapor pressures z 1506

Wuestite c k 2291

Wurster f
s blue perchlorate nrv B-14

Lanthanide elements :CgNHgOg
(nitrilotriacetic acid)

Magnetite c

Metal borates

Metal bromides

Metal chromates

Metal dioximes aq

Metal hydroxides

Metal iodides

Metal metaphosphates

Metal molybdates

Metal orthophosphates

Metal sulfates

Metal sulfides

Metal tungstates

MIcro-calorirre try

Mineral and allied substances
c
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